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“The salamanders, 
like tiny birds, locked into formation, 
fly down into the endless mysteries 
 
of the transforming water, 
and how could anyone believe 
that anything in this world 
is only what it appears to be— 
 
that anything is ever final— 
that anything, in spite of its absence, 
ever dies 
a perfect death? 
Mary Oliver, House of Light 
 
Representative figure of a salamander above the door of an old house in Le Mas-
D‟Azil, Ariège, France  
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Preamble 
The objective of this thesis was to conduct research that increase our understanding of the 
costs, environmental drivers, the outcomes, and the risks associate with the emergence of 
chytridiomycosis for an endemic amphibian of western Europe, the European palmate newt. 
The thesis is based on four standalone but interconnected manuscripts (published or in 
preparation): 
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1. Chapter I           
 General introduction 
1.1 Global amphibian declines: the enigmatic driver of the sixth mass extinction on 
earth 
First concerns about widespread amphibian population declines are date back to 1970‟s in 
western United States (Drost and Fellers, 1996; Sherman and Morton, 1993), Puerto Rico 
(Burrowes et al., 2004), and other parts of the world. During 1980‟s a wave like simultaneous 
disappearance of mountain amphibians in several pristine habitats of Central America 
(Pounds and Crump, 1994; Pounds et al., 1997; Ron et al., 2003; Young et al., 2001) were 
again caught the attention of scientists to global amphibians decline (Stuart et al., 2004). 
These reports were initially received with some scepticism because amphibian populations 
often fluctuate widely (Pechmann and Wilbur, 1994). However, during 1990‟s long term 
experimental and quantitative studies showed that populations continued to decline, models 
indicated that declines are far more widespread and severe than would be expected under 
normal population dynamics (Blaustein et al., 1994; Drost and Fellers, 1996; Lips, 1998; 
Pounds et al., 1997; Tyler, 1991). By the end of 1990‟s retrospective studies indicated that 
declines may have been occurring since the late 1950s (Houlahan et al., 2000). The lack of 
sufficient data prompted the International Union for Conservation of Nature (IUCN) to 
sparkle a global amphibian assessment (GAA) for all known amphibians of the world, using 
IUCN Red List categories and criteria (IUCN, 2012). Results of GAA were astonishing in all 
respects (figure 1-1). While amphibians extinction rates since the year 1500 A. D. has been as 
low as 0.076 species per year (38 extinctions since then), currently,  of the 6,260 amphibian 
13 
 
species assessed, 2030 species (32.4 %) are globally threatened or extinct and the situation of 
another 1,533 species is not known due to data insufficiency (IUCN, 2012) (figure 1-1a). The 
intensity and extension of global amphibian populations decline and the number of amphibian 
species at risk of extinction, which is more than those of any other taxon (Stuart et al., 2004), 
has made many scientists to argue that we are entering or in the midst of the sixth great mass 
extinction in the earth history (Gewin, 2008; Wake and Vredenburg, 2008).  
Stuart et al. 2004 (Stuart et al., 2004) found that about 435 species that qualify for listing 
in IUCN categories of higher threat than they would have in 1980. They defined these species 
as “rapidly declining” species and divided them into three groups based on drivers of their 
decline: “overexploited”- declining because of heavy extraction (50 species); “reduced-
habitat”- suffering significant habitat loss (183 species); and “enigmatic decline” - declining, 
even where suitable habitat remains, for reasons that are not fully understood (207 species). 
This was the first time in the history of conservational biology that enigmatic-declines have 
been recorded at such a considerable level. Interestingly, they also showed that the percentage 
of enigmatic-decline species increases with increasing extinction risk (figure 1-1-b), from 
9.7% of the rapidly declining species in the IUCN Category Near Threatened, to 25.0% in 
Vulnerable, 47.3% in Endangered, 57.1% in Critically Endangered, and 92.4% in extinct in 
the wild. This observation suggests that the factors causing “enigmatic” declines are driving 
species toward extinction particularly rapidly. At that time, disease and climate change were 
the two plausible causes for enigmatic amphibians‟ decline (Berger et al., 1998; Burrowes et 
al., 2004; Daszak et al., 1999; Daszak and Cunningham, 2003; Lips, 1998). Nonetheless, in 
less than a decade, strong theoretical and empirical evidence were provided enough support to 
shed light on the wave-like amphibian extirpations in 1980‟s - 2000‟s. 
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Figure 1-1- Results of Global Amphibian Assessment (based on data from Stuart et al., 
2004).  
(a) GAA showed almost 32.4% of amphibians of the world are globally threatened or extinct and the 
situation of 40% of species is not known due to data deficiency. (b) in addition to the known causes of 
decline (e.g. habitat loss or anthropological activities) a considerable number of species are declining 
due to “enigmatic” reasons. The number of species with enigmatic reasons of decline is increases with 
the risk of the extinction. 
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In effect, several independent studies in areas of amphibian declines revealed that rapid 
enigmatic declines are because of a new emerging infectious disease, the amphibian‟s 
chytridiomycosis (Berger et al., 1998; Cheng et al., 2011; Fisher et al., 2009b; Lips et al., 
2008; Vredenburg et al., 2010; Wake and Vredenburg, 2008). This is the largest infectious 
disease threat to biodiversity in the history of the planet (Kilpatrick et al., 2010) and 
obviously, many facets underlying the devastating impact of chytridiomycosis on host 
populations are not thoroughly understood. 
1.2 Emerging infectious diseases and their threat to wildlife 
The term “Emerging Infectious Disease” (EID) was appeared in the infectious disease 
lexicon in 1990‟s and was referring to infections that have newly appeared in the population, 
or have existed but are rapidly increasing in incidence or geographic range (Morse, 1995; 
Morse and Schluederberg, 1990). Recent studies have shown that during less than a century 
(1940-2004), 335 infectious diseases have emerged in global human population (Jones et al., 
2008) that have exerted, and are exerting a significant burden on global economies and public 
health (Binder et al., 1999; Morens et al., 2004). Among these, some EID‟s such as, acquired 
immunodeficiency syndrome, multidrug-resistant tuberculosis, Ebola, and tick-borne diseases 
are considered as threats to global human health and are still causing human mortality in some 
areas (Daszak et al., 2000). However, as for the humans, numerous EID‟s has been reported in 
a variety of wildlife populations which are decimating global biodiversity through population 
declines in multiple families of plants and animals. As such, amphibian‟s chytridiomycosis 
(Daszak et al., 1999; Fisher et al., 2009b), avian malaria (van Riper III et al., 1986), rinderpest 
in African ungulates (Plowright, 1982), sudden oak death in trees in western North America 
and Jarrah dieback or rootrot in trees in Australia (Anderson et al., 2004) are among the most 
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important traits to biodiversity and may account for at least some species extinction (Daszak 
et al., 2003; Fisher et al., 2009b). The increase of incident of wildlife EID‟s during the recent 
decades has primarily been attributed to anthropogenically induced changes in the ecology of 
the host and/or pathogen (Daszak and Cunningham, 2003) as well as human assisted disease 
introduction into naïve host populations (Daszak et al., 2001; Dobson and Foufopoulos, 
2001).  
EID‟s are found to be a major threat to global biodiversity (Daszak et al., 1999). First, 
they have the potential to cause dramatic decline in naïve host population. Second, after being 
established they may become enzootic and cause a chronic population depression (Daszak et 
al., 2000). In addition to the loss of biodiversity that is associated with some of these diseases, 
direct economic costs of EID‟s, such as EID induced collapse of fisheries‟ industry, livestock, 
and crop plant health costs (see (Daszak et al., 2000) for more details) are also reported from 
several countries. As opposed to human EID‟s very little is known about biotic and abiotic 
drivers of wildlife EID‟s and the interaction of hosts with these pathogens. During the past 
decades, wildlife diseases have only been considered when they were threating agriculture or 
human health (Daszak et al., 2000). However, the incidence of EID epidemics in endangered 
species, their veterinary impact and advances in host-pathogen population biology, nowadays, 
their threat is taken more seriously (Anderson and May, 1979; Daszak et al., 1999; Daszak et 
al., 2003; Fisher et al., 2009b; McCallum and Dobson, 1995; Thorne and Williams, 1988).  
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1.3 Host-pathogen interaction: implications in amphibian declines 
1.3.1 Host-pathogen coevolution 
At the heart of any parasitic relationship is a conflict of interest, but the battle for host 
resources is usually resolved in favour of the parasite (Price, 1980). Host resources may be 
invested in host energetic and cellular response to the infection (Bonneaud et al., 2003; Moret 
and Schmid-Hempel, 2000; Råberg et al., 2000), through the pathogens acquisition of host 
resources, or through inducing greater host  susceptibility to other pathogens (Bonneaud et al., 
2012; Casadevall and Pirofski, 2003; Hornef et al., 2002). As a consequence, even where the 
clinical symptoms of the infection and visible damage to the host are lacking, significant 
negative consequences arise through reduction in investment in traits associated with fitness 
(e.g., growth, survival and reproduction (Bonneaud et al., 2003; Burthe et al., 2008; 
Cheatsazan et al., 2013)). The ubiquity of parasites (Price, 1980), their ability to reduce host 
fitness (Sheldon and Verhulst, 1996) and deleterious effects on hosts populations (Anderson 
and May, 1979; Prado et al., 2009) have led to the evolution of host defence strategies, to 
minimize or neutralize negative fitness consequences of pathogens (Hedrick, 2004). On the 
other hand, in order to exist pathogens must successfully dodge the host‟s defences, at least 
for long enough to replicate and invade another host. Such interaction is generally associated 
with reciprocal, adaptive genetic changes between the host and the pathogen which are 
referred as antagonistic host-pathogen co-evolution (Woolhouse et al., 2002). The 
phenomenon is locked the host and the pathogen in an evolutionary “arms race” (van Valen, 
1973) where the effects on the ﬁtness of the host and pathogen act in opposite directions: what 
is good for the pathogen is bad for the host and vice versa (Woolhouse et al., 2002).  
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1.3.2 Host resistance vs. pathogen’s virulence: how EID’s can extinct a host?  
As pathogens rely on host resources, evolution of resistance or avoidance in a host 
population exert a selective pressure on pathogen to choose between extinction and evolution 
of new traits to increase its ability to infect these resistant or avoidant hosts (Lion and Boots, 
2010). In other words, pathogens need to trade-off between the rates of transmission from a 
host to another which would result in more rapid spread of the pathogen in the host 
population, and their virulence to sustain mobility and longevity of the host, at least for long 
enough for transmission to a new host (Anderson et al., 1992; Bull, 1994; Ewald, 1993; Read, 
1994). Although increased transmission rate is likely to bring a short term fitness advantage 
for pathogen, but, it is usually induce clinical symptoms and threatens host life which has a 
negative impact on pathogen fitness (Combes, 1997; Ewald, 1995; Hurd, 2001). On the other 
hand, more rapid spread among host population may also be associated to rapid depletion of 
susceptible hosts form population (resistance/mortality) which will drive pathogen toward 
extinction (Grenfell and Harwood, 1997). In summary, the fitness of the pathogen would be 
maximized through a balanced transmission-virulence that would be achieved by maximizing 
the number of secondary hosts infected and optimization of the balance between replication 
and within host persistence.  
Hosts have evolved distinct strategies to avoid pathogens, to reduce or remove their 
infection burden (resistance) or to decreases their susceptibility to damage and fitness costs 
caused by the pathogens or by the immune response against it (tolerance) (Råberg et al., 2009; 
Read et al., 2008). Costs may arise from collateral damage to host tissue during destruction 
and elimination of pathogens or alternations of normal tissue function (Majno and Joris, 2004; 
Medzhitov, 2010; Medzhitov et al., 2012). Collectively, negative effects of immune function 
on host fitness are referred as immunopathology (Graham et al., 2005). Insufficient immunity 
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results in a high rate of mortality from infections, thus, the optimal immune response is 
attained by a balance between efficient pathogen removal and an acceptable level of 
immunopathology (Casadevall and Pirofski, 1999, 2003). Given the vital benefits of the 
immune function for host survival, the acceptable level of immunopathology can be high 
causing the prevalent incidence of infectious disease symptoms (Graham et al., 2005; 
Medzhitov et al., 2012). Adding the costs associated to maintenance of surveillance and 
defensive immunity to the formers, possession of a complementary strategy to put forth a 
trade-off between costs of resistance and limiting tissue damage would increase the ability of 
the host to increase the magnitude and duration of the immune response than would have been 
otherwise possible (Hurd, 2001; Medzhitov, 2010; Medzhitov et al., 2012). This ability is 
refers as tolerance and consists the third major defensive strategy in animals and plants. 
Unlike resistance mechanisms, tolerance does not directly affect pathogen burden, thus, does 
not induce a direct selective pressure on pathogen. Rather, tolerance decreases the host 
susceptibility to tissue damage, or other fitness costs, caused by the pathogens or by the 
immune response against them (Råberg et al., 2009; Read et al., 2008). 
Any negative impacts on the rates of host survival, reproductive output, immigration and 
emigration can lead to population decline and extinction. However, endemic pathogens alone 
rarely cause extinctions because of a co-evolutionary arms race between the host and 
pathogen that selects for more resistant host genotypes and less virulent pathogen genotypes, 
allowing them to coexist (Anderson and May, 1978). One of the most important features of 
wildlife‟s EID‟s is their ability to drive naïve populations toward extinction. The mechanism 
by which a pathogen can drive host population to extinction depends on the host-pathogen 
system (Anderson et al., 1986; De Castro and Bolker, 2005; Holt and Pickering, 1985; 
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McCallum and Dobson, 1995). In an obligatory single host-single pathogen system with 
density dependent transmission, pathogen cannot drive the host population to extinction. This 
is because a decline in host population size is equivalent to pathogen population decline 
which results in host population recovery cycle. Nonetheless, in such systems shrunk host 
populations are threaten by the risk of stochastic extinctions due to stochastic environmental 
or demographic events. Under an alternate circumstances, if the transmission of the pathogen 
is frequency dependent (e.g., sexually transmitted or vector-borne infections), pathogen 
infects multiple hosts or can survive outside the host body (e.g., commensal to other species 
or in an saprophytic state) decrease in (one) host population does not impose populations 
decline to the pathogen and pathogen can easily drive one or most hosts to extinction 
(Dobson, 2004; Mitchell et al., 2008). This latter is the case of many wildlife EID‟s which 
within a habitat, usually infect multiple hosts with different levels of susceptibility (De Castro 
and Bolker, 2005; McCallum et al., 2009).  
Currently, emerging infectious diseases are one of the most important threats to human 
health and global biodiversity (see above). In order to understand pathogen abundance in 
natural host populations it is vital to integrate an understanding of how pathogens  invade, 
replicate, and transmit along into an understanding of host ecology, including susceptibility, 
behaviour, and any infection-induced changes to these (Plowright et al., 2008; Tompkins et 
al., 2011). Moreover, understanding underlying mechanisms and consequences of host-
pathogen interactions and co-evolution in these systems is a key first step in assessing the risk 
and the possibilities to mitigate infectious disease impacts on wildlife, livestock or 
agricultural systems (Woodhams et al., 2011) and importantly, to assess and predict the risk of 
emergence of new infectious diseases from endemic pathogens (Altizer et al., 2003).  
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1.4 Chytridiomycosis: largest infection threat to biodiversity 
 Chytridiomycosis was first identified in dead and dying frogs in late 1990‟s by two teams 
working independently on wild frogs from Central America and Australia (Berger et al., 
1998) and captive frogs in united states (Longcore et al., 1999; Pessier et al., 1999). The 
fungal pathogen was then named Bathrachochytrium dendrobatidis (Bd) (Longcore et al., 
1999) and soon was also known as the amphibian‟s chytrid fungus. Upon the discovery of the 
pathogen, Koch‟s postulates were then fulfilled by exposing healthy frogs to the new 
pathogen and re-isolation of the pathogen from diseased frogs (Berger et al., 1998; Longcore 
et al., 1999). Despite to the discovery of the pathogen and its association with 
chytridiomycosis, linking Bd to wild amphibian population declines was not easy. Evidences 
were attained through pattern identification of declines (Richards et al., 1993; Stuart et al., 
2004), ecological modelling to explain patterns (Lips et al., 2003) and validation of the 
hypotheses under experimental circumstances (Berger et al., 2004; Longcore et al., 1999). As 
a consequent, so far, the fungus is found to infect more than 350 species on five continents 
from which more than 200 species were experiencing enigmatic declines and are among the 
highly threatened species of the world (Fisher et al., 2009b; Lips et al., 2008; Skerratt et al., 
2007).  
 
1.4.1 Emergence of chytridiomycosis 
Two different theories are proposed on the origin of Bd (Fisher et al., 2009b). The debate 
is focused on whether Bd is a new, emerging pathogen. This is the novel pathogen hypothesis 
(NPH) or spreading pathogen hypothesis (Skerratt et al., 2007). The counter argument is that 
Bd is a widespread endemic commensal or symbiont of some amphibians that due to 
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environmentally driven changes has become has obtained more virulence. This is known as 
the endemic pathogen hypothesis (EPH). However, NPH receives support from observations 
that the distribution of Bd is patchy at many scales for decades prior to the onset of declines.  
Current evidence suggests that the chytrid fungus is a novel pathogen that has spread 
globally outside of its native range (Rachowicz et al., 2005; Skerratt et al., 2007). The 
occurrence of sudden mass mortality events in amphibians in the absence of environmental 
pressures, is characteristic of introduction of infectious diseases into naïve host populations 
(Daszak et al., 1999).The wave-like pattern of amphibian declines in Australia (Laurance et 
al., 1996) and Central and Southern America (Catenazzi et al., 2010; Lips, 1999; Lips et al., 
2004) are in agreement with movement of an infective agent through naïve landscapes 
(Rachowicz et al., 2005; Vredenburg et al., 2010).  
Thus far the oldest record of Bd infection have been found in archived museum specimens 
of African clawed frog, Xenopus laevis, in 1938 (Weldon et al., 2004). This record precedes 
any recorded amphibian decline events and X. laevis shows no clinical effects of infection or 
population decline. It has therefore been suggested that the native range of the amphibian 
chytrid fungus is within Africa (Weldon et al., 2004). The NPH hypothesis explains that Bd 
was introduced to North America through international trading of the African clawed frog, 
Xenopus laevis, from southern Africa began in the mid-1930s for use in pregnancy tests and 
subsequently for laboratory experiments. Then it was introduced to other parts of the world by 
introduction of the  North American bull frogs, Lithobates catesbeiana, that has also began in 
the 1930s for food and continued at least until late 1990s (Fisher and Garner, 2007; Garner et 
al., 2006; Weldon et al., 2004). Although, Bd genetics and genomics are pointed to a 
characterized globalized hypervirulent Bd lineage that suggests the emergence and spread of 
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chytridiomycosis largely owes to the globalization of this recently emerged recombinant 
lineage (Farrer et al., 2011), there are still some debates opposing NPH hypothesis. Finally, in 
addition to amphibians trade, transport of infected water and substrates such as soil and sand 
may also have contributed to the spread of the chytrid fungus (Johnson and Speare, 2003a, 
2005; Longcore et al., 1999). However, despite to the above mentioned evidence, the origin of 
Bd is still under debate and further detailed phylogeographic studies are necessary of 
understanding the disease origin. 
  
1.4.2 Taxonomy of Batrachochytrium dendrobatidis 
The amphibian chytrid fungus is a member of the Chytridiales, one of five orders within 
the phylum Chytridiomycota, a group of primitive heterotrophic fungi that are characterised 
as having thalli with chitinous cell walls, an absorptive mode of nutrition and an unwalled 
flagellated zoospore stage that requires water for dispersal (James et al., 2000; Powell, 1993) 
(figure 8-2). They are important decomposers of keratin and chitin, and live saprophitically or 
as parasites of fungi, vascular plants and invertebrates (James et al., 2000; Powell, 1993). The 
amphibian chytrid fungus is distinct from other Chytridialean genera in thalli development 
and zoospore ultrastructure and so was placed into a new genus (Longcore et al., 1999). It is 
the only chytrid species described that infects vertebrates (Longcore et al., 1999). 
 
1.4.3 Life cycle, pathogenesis and pathophysiology 
The life cycle of Batrachochytrium dendrobatidis has 2 main stages: the motile, 
waterborne, short-lived zoospore for dispersal, and the stationary, monocentric  thallus, which 
develops into a zoosporangium for asexual amplification (Berger et al., 2005a) (figure 8-2). 
Although occurrence of sexual reproduction leading to formation of a resistant or resting 
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zoospore is common in other chytridiomycota (Barr, 1978), sexual reproduction is not 
observed in Bd. However, loose evidence of a recombinant resting zoospore with thick cell 
wall has been found (Di Rosa et al., 2007; Morgan et al., 2007). 
Zoospores are generally spherical with a diameter of 3-5 μm and a single posterior 
flagellum (Longcore et al., 1999). Motile zoospores disperse through liquid for up to 24 hours 
in search of a host, using positive chemotaxis to locate keratinised tissue (Moss et al., 2008; 
Piotrowski et al., 2004). Bd colonization occurs in the cells of the host epidermis (Berger et 
al., 2005b; Longcore et al., 1999). Then Bd enters into epidermal cells, encysts and fills them 
with up to three sporangia (Longcore et al., 1999). Hair-like rhizoids extending into host 
tissue to anchor the cell and absorb nutrients (Berger et al., 2005a). The zoospore then 
increases in size, becoming a zoosporangium. Zoosporangium grows to reach up to 40 μm in 
diameter before the cytoplasm cleaves into numerous uni-nucleate zoospores (Berger et al., 
2005a). Upon maturity, zoospores are released into the environment through a discharge tube, 
completing the life cycle (Berger et al., 2005a). In culture, the amphibian chytrid fungus can 
complete its life cycle in less than 5 days, but this may differ in natural environments 
(Piotrowski et al., 2004). 
Interestingly, the rate of Bd sporangia development is well matched to the maturing and 
keratinization rate of amphibian‟s epidermis cells. This adaptation causes the sporangia grow 
initially in living cells but complete their development in dead superficial keratinized cells 
that lack organelles when their discharge tubes can easily merge with and dissolve the 
epidermal cell  membrane and open on to the surface of the cell, usually the surface distal 
from the body(Berger et al., 2005a). Berger et al. 2005 (Berger et al., 2005a) found these 
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specialized adaptations as an evidence that suggests the fungus has long evolved to live in 
amphibian skin. 
The reproductive biology of Bd appears to be a critical factor in disease development and 
mortality (Voyles et al., 2011). In amphibian‟s skin local re-infection of an individual host 
seems to be the cause of an exponential increase in Bd load and development of severe 
infections and mortality (Briggs et al., 2010; Vredenburg et al., 2010). In infected frogs, 
clinical signs of disease and mortality occur in individuals with the highest zoospore loads 
(Voyles et al., 2007; Voyles et al., 2009; Vredenburg et al., 2010),  suggesting that zoospore 
production and intensity of infection  are critical for pathogenesis.  Optimal growth of Bd is 
depending on temperature (17°–25°C), pH, and density (Longcore et al., 1999; Piotrowski et 
al., 2004). Although Bd can grow in either high or low temperatures, low temperature (4°C) 
induce a trade-off for lower population growth rates against increased zoospore activity and 
virulence (Voyles et al., 2012; Woodhams et al., 2008). This life history trade-off is proposed 
to be one the reasons of more devastating effects of Bd in high altitudes.  
Primary pathological abnormalities include epidermal hyperplasia and hyperkeratosis   
(thickening of the stratum corneum; Figure 8-1) (Berger et al., 1998; Voyles et al., 2011). 
Other pathological changes in the epidermis include cytoplasmic degeneration and 
vacuolation in scattered cells in deeper layers   (Longcore et al., 1999). Epidermal damage 
caused by Bd appears to disrupt critical cutaneous functioning such as electrolyte transport 
across skin which results in reductions in plasma electrolyte concentrations  and deterioration 
of cardiac electrical functioning leading to a systolic cardiac arrest in clinically diseased 
animals (Voyles et al., 2007). These physiological malfunctions of the skin are associated 
with some clinical symptoms. As such, lethargy on skin, inappetence, cutaneous erythema, 
26 
 
irregular skin sloughing, abnormal posture (hind legs aBducted), and loss of righting reflex 
(Voyles et al., 2007; Voyles et al., 2009).  
 
1.4.4 Impacts of Bd on different amphibians 
Although Bd represents extreme host generality and is virtually capable to infect nearly all 
amphibians (Bonaccorso et al., 2003; Bosch et al., 2007; Bosch and Martínez-Solano, 2006; 
Green and Sherman, 2001; Kriger et al., 2006a; La Marca et al., 2005) amphibians‟ morbidity 
and mortality is highly host specific (Blaustein et al., 2005; Parris and Beaudoin, 2004; 
Voyles et al., 2011; Woodhams et al., 2007). Until now, several studies have shown some 
amphibians are able to carry the infection asymptomatically (Daszak et al., 2004; Davidson et 
al., 2003; Reeder et al., 2012; Retallick et al., 2004b; Rollins-Smith and Conlon, 2005) and 
serve as potential Bd reservoirs for other species. Histological examination of some of these 
carriers suggests that Bd infects their skin and they suffer from skin abnormalities similar to 
those observed with lethal Bd infection, but changes were usually limited to a patchy 
distribution (Reeder et al., 2012). However, the impacts of asymptomatic Bd infection, 
particularly for adults are not thoroughly investigated.  
 
1.5 The palmate newt 
1.5.1 Distribution, taxonomy and identification 
The palmate newt, Lissotriton helveticus (Razoumowsky, 1789), formerly Triturus 
helveticus, is a urodele from the family Salamandridae and Pleurodelinae subfamily. This 
species is widespread in France, low altitude Germany, Great Britain, Switzerland, Belgium, 
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Luxembourg, and in the north of Portugal. Along this range, the species has an altitudinal 
range from sea level up to at least 2,400m asl in Pyrenees Mountains (IUCN, 2012).  
Males‟ body size may reach up to 85 mm while females are usually longer and may reach 
to 95 mm length. Newts carry glandular ridges alongside the back give the male newts a 
square-backed appearance. Breeding males exhibit several secondary sexual traits:  a low, 
smooth crest along the back that continues into a higher crest on the tail; a thin filament at the 
end of the tail; black webbing on the hind feet; and more swollen and darker cloaca than 
females (see Appendix) (Gasc, 1997; Griffiths and Mylotte, 1988; Nöllert and Nöllert, 
2003).These characteristics become less distinct, and disappear during the terrestrial stage 
(Griffiths, 1996; Griffiths and Mylotte, 1988). The base colour of both sexes is olive-green or 
brown. A dark line runs from the nares, through the eyes, across the head. Both sexes have a 
yellow or pale orange belly that can sometimes show some spotting (See appendix). Males‟ 
secondary sexual characteristics have been shown to be associated with male reproductive 
success (Cornuau et al., 2012; Green, 1991a, b).  
 
1.5.2 Life cycle and habitat requirements 
Palmate newts can live till 8 to 11 years in the wild (Amat et al., 2010). Breeding and 
larval development take place in aquatic habitats with still or very slow-moving water during 
the breeding season, but otherwise have a terrestrial life style (Secondi et al., 2009) 
(appendix). It is found in a variety of habitats including marshes, heathlands, moorlands, 
forests (where it may be very common), pastures and agricultural land occupying moist 
habitats and refugia (Denoël and Ficetola, 2007; Nöllert and Nöllert, 2003). Reproduction 
occurs by transferring the male spermatophore that is placed on the ground and the female 
pick it up to her cloaca. Females can take several spermatophores several different males 
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during the breeding season (Gabor and Halliday, 1997). By termination of breeding season, 
males and females return to land feedings (Griffiths and Mylotte, 1988). Development of the 
eggs would be completed in 3-4 weeks and hatchlings will stay more than 8 weeks in the 
water before their transition to efts. Sexual maturity occur after the efts become newts after 3-
4 years (Gasc, 1997; Nöllert and Nöllert, 2003). 
 
1.5.3 Threats and trend 
The species is very common in suitable habitats over much of its range. Nonetheless, it is 
endangered in the Netherlands, Belgium and Luxembourg and uncommon (with a fragmented 
range) in northern Portugal and declining in parts of Spain (Gasc, 1997). The species is 
locally threatened by general drainage, pollution and eutrophication of breeding pools, 
abandonment of traditional farming practices and the introduction of predatory fishes and 
crayfish (Procambarus clarkii). Desertification is a threat in southern parts of the range 
(IUCN, 2012). The palmate newts is listed as Least Concern in IUCN red list and also is listed 
on Appendix III of the Bern Convention and is protected by national legislation in most parts 
of its range (IUCN, 2012).  
 
1.5.4 Chytridiomycosis and the palmate newt 
Wood et al. (Wood et al., 2009) found that palmate newts in Bd infected sites of 
Luxembourg are lightly infected but their infection burden is quiet low, fairly above detection 
threshold of quantitative PCR technique, so, they proposed more comprehensive assessments. 
Nonetheless, based database of global Bd mapping project (www.Bd-maps.net, see (Olson et 
al., 2013) for details) in surveys of Iberia in 2006-2007, 3 out of 7 palmate newt samples were 
tested positive for Bd. Prevalence of Bd in these sites was 20% - 100% but due to small size 
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of their samples these numbers might not represent the infection status of this species. In 
French Pyrenees, Palmate newts were sampled in two sites; both samples were infected (95% 
and 100%). In none of these sites, Bd induced morbidity and mortality of the palmate newt 
was recorded, suggesting that the palmate newt is somewhat resistant to Bd. However, prior to 
our study, the consequences of exposure to Bd, which will most likely occur during the 
aquatic phase as a result of increased probability of exposure to waterborne Bd zoospores, 
have not been investigated in details.  
 
1.5.5 Palmate newt as model organism 
Palmate newt, possess several unique aspects that make it a proper model for this study: 
- Despite to presence in IUCN red list as Least Concern status susceptibility/resistance 
of this species to Bd is not studied 
- Possess a distinctly separated reproductive phase (aquatic phase) 
- A considerable amount of quantifiable morphological and behavioural sexually 
dimorphic traits 
- Sexual morphology and reproductive behaviour is well studied in terms of ethology, 
ecology and physiology, provide a considerable amount of background data for a better 
understanding host specific drivers of the host response to Bd 
-  Long reproductive season that suits to our experimental design 
- High reproductive output and short incubation period; this would let us to conduct 
experiments with offspring 
- The species is dominant and consequently frequent in our study area,  guaranteeing 
access to proper sample sizes for experimental studies 
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1.6 Thesis objectives and outline 
A growing body of evidence suggest that asymptomatic Bd infection can sub-lethally 
affect larvae and tadpoles (Han et al., 2008; Venesky et al., 2009; Venesky et al., 2010b) 
leading to reduced survival or impaired development (Garner et al., 2009). Nonetheless, little 
is known about the sub-lethal costs of the infection for adult amphibians and, importantly, it is 
not clear whether Bd incurs any direct or indirect fitness cost to subclinically infected adults. 
The main aim of this thesis was to investigate the impact and the outcome of Bd infection for 
individuals of an asymptomatic species (Bd carrier), and to understand why some populations 
of some species persist with Bd while other populations of the same species decline to 
extinction. In order to disentangle the impact of Bd on asymptomatic host and factors which 
determine the final outcome of the infection for the host, we followed these primary goals: 
1- Diagnosis of sub-lethal costs of Bd infection in the model amphibian  
2- Understanding and quantifying the impact of sub-lethal costs on main fitness 
components (i.e. survival and reproduction) 
3- The direct and indirect role of environment in determining the final outcome of the 
infection for the host  
4- Development of host resistance against Bd 
5- Costs of the infection for resistant (tolerant) individuals with a Bd invasion history 
In addition, wherever applicable, we also investigated probable sex-dependent differences 
in the impact of Bd, and evaluated the efficiency of the current methodological approaches in 
assessing the risk of the infection for asymptomatic amphibians.  
The results of the thesis are organized in five standalone but interconnected chapters 
which are published or are in preparation to be published as a peer-reviewed scientific paper. 
In the second chapter we first establish the resistance of our model organism and then develop 
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a framework for quantification of costs associated with subclinical Bd infection. We then 
assess costs that might be related to reproduction and discuss the underlying drivers of the 
impact of Bd on naïve individuals in the light of our new findings.  
In the third chapter, we investigate the reproductive costs of asymptomatic Bd infection 
for asymptomatic host, the intra-population variation in response to Bd, and test for 
consequences of the infection for the offspring. We discuss the significance of our results in 
the ecology and evolution of host-Bd interaction. Finally we outline the future directions for a 
more effective disease mitigation plans.  
In the fourth chapter, we examine the role of the environmental context in determining the 
impact of the infection for the host. This is one of the most controversial issues in ecology of 
Bd. Our results contribute to the former regional studies that emphasize on the indirect role of 
environment on determining the final outcome of Bd infection for the host population. In 
addition to providing experimental evidence for among and within population variations 
response to Bd, we criticise utilization of infection prevalence for assessing the risk or 
severity of infection in amphibian populations.   
In the fifth chapter, we address another highly controversial question: whether or not 
populations with a Bd invasion history acquire resistance against Bd. Using a unique 
experimental design with naturally infection individuals, we investigate infection patterns, 
prevalence and intensity of the infection in a palmate newt population with a recent outbreak 
of fatal chytridiomycosis. We also assess newts‟ defensive approach against Bd and show 
how resistance and tolerance to Bd contribute to minimize the detrimental cost of the infection 
in newts.  
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In the final chapter of the thesis, we discuss the connection among our results, and discuss 
their implications in understanding ecology of Bd and conservation of amphibians.  Finally, 
we provide a short list of questions and directions for the future research.    
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2. Chapter II                        
Sub-lethal costs of chytridiomycosis for an asymptomatic species 
2.2 Synopsis 
It is well established that infection is costly for individuals that remain asymptomatic (i.e. 
subclinical infection). For example, not only does mounting an immune response require 
energy (Bonneaud et al., 2003; Råberg et al., 2000), but pathogens can use up host resources 
and induce tissue degradation, as well as increase host susceptibility to other pathogens 
(Bonneaud et al., 2012; Hornef et al., 2002). Furthermore, immune response to pathogen is 
usually associated with damage to the host tissue and impairing normal tissue functioning 
which are referred as immunopathology (Graham et al., 2005; Medzhitov, 2010; Medzhitov et 
al., 2012). The predicted consequences ensuing from sub-lethal costs of infections have been 
demonstrated empirically in a variety of systems, as decreased investment in several 
components of host fitness (e.g., growth and reproduction, (Bonneaud et al., 2003; Festa-
Bianchet, 1989; Sheldon and Verhulst, 1996). Up to now, several studies have shown that 
subclinical Bd infection is costly for amphibians (e.g. Chatfield et al., 2013; Garner et al., 
2009; Han et al., 2008; Retallick and Miera, 2007; Venesky et al., 2009). Nonetheless, it is not 
clear whether and to what extent these costs are likely to impair adults‟ reproduction or 
survival.  
In this chapter, we report results of our study with a Bd-naïve population of the palmate 
newt that have been exposed to  a very low dose of Bd (1000 Bd zoospores/ l) during their 
aquatic breeding season. Our study addresses the current gap in understanding the sub-lethal 
costs of Bd infection and its potential effect on reproduction. To our knowledge this study 
provides the first detailed observation of condition and reproductive costs of 
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asymptomatic Bd infection in an asymptomatic species. In addition, for the first time, we 
show how investment in clearing Bd infection may affect host reproduction and survival. 
Our results are recently published in BMC ECOLOGY journal (Cheatsazan et al., 2013). 
Given the importance and novelty of our results, the article became very successful and 
marked as “Highly Accessed” due to nearly 4500 access in less than five month after 
publication.  
In this study, we inoculated a group of wild-caught naïve palmate newts with a single dose 
of Bd (18 controls and 50 exposed; 2000 zoospores per litre) to test: (1) whether palmate 
newts become infected by exposure to very low doses of Bd, (2) whether they are able to 
tolerate or clear the infection and prevent fatal chytridiomycosis; and (4) the consequences of 
Bd infection and infection load for secondary sexual characters, condition and the probability 
of an early entry into the terrestrial phase. Our results suggest that Bd has measureable, but 
sub-lethal effects, on adult palmate newts. Although we found no evidence of increased 
secondary sexual trait regression, through reducing individual body condition and potentially, 
breeding season duration, we predict that Bd exposure might have negative impacts on 
populations of palmate newts through reducing individual reproductive success and adult 
recruitment. This hypothesis receives experimental support from the results of the next 
chapter and will further be discussed there.  
Hitherto, several explanations have been proposed to link asymptomatic chytridiomycosis 
with sub-lethal morphological and behavioural abnormalities of Bd infection. For example, 
shorter body size of subclinically infected individuals are proposed to be due to: (i) shorter 
individuals occupy habitats with higher suitability for Bd (Beard and O‟Neill, 2005); (ii) 
lower resistance of shorter individuals to Bd (Kriger et al., 2006b; Lamirande and Nichols, 
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2002);  (iii) death of infected frogs before reaching maximal body size (Garner et al., 2009; 
Parris and Cornelius, 2004); (iv) Bd infection causes developmental constraints resulting in 
shorter body size (Burrowes et al., 2007; Kriger et al., 2006b; Parris and Cornelius, 2004); 
and (v) life history trade-offs imposed by costs of immune response, tissue degradation or 
immunopathology to growth and development (Garner et al., 2009). The latter is also 
suggested as the driver of the only known behavioural abnormality in subclinically infected 
adults (Chatfield et al., 2013). Despite to over a decade of research, the underlying driver(s) of 
sub-lethal costs of chytridiomycosis and whether they are likely to impair host fitness leading 
to the possibility of population decline in asymptomatic amphibians is not clear. Our findings 
contribute to this field by providing experimental evidence linking how and to what extent 
subclinical Bd infection is able to cause morphological and behavioural deficiencies. We 
showed that body size and condition are neither affecting probability of newts being infected 
nor their survival and mass investment to clear their infection load. Therefore, observed 
differences in morphology and behaviour of subclinically infected adults are not due to an age 
or size dependent increase in host ability to resist Bd or survive after the infection. 
Conversely, our study reveals sub-lethal costs of Bd infection are increased with infection 
intensity. In this way, our results support the life history trade-off hypothesis which predicts 
investment in host response to subclinical infection is associated with less investment in other 
physiological demands (reproduction, growth, body maintenance, etc.). Although for obvious 
ethical and conservation reasons, we were unable to measure the consequences of 
experimental infection for naïve individual in the wild, we suggest that Bd outbreak has a 
negative impact on naïve populations of palmate newts, and species with similar defensive 
strategy, through indirect impacts on survival, reproductive morphology and reproductive 
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behaviour (Burrowes et al., 2007; Garner et al., 2009; May et al., 2011; Richards-Zawacki, 
2010).  
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2.3 Experimental evidence for a cost of resistance to the fungal pathogen, 
Batrachochytrium dendrobatidis, for the palmate newt, Lissotriton helveticus 
 
From: Cheatsazan, H., A. P. de Almedia, A. F. Russell and C. Bonneaud (2013). 
"Experimental evidence for a cost of resistance to the fungal pathogen, Batrachochytrium 
dendrobatidis, for the palmate newt, Lissotriton helveticus." BMC Ecology 13(1): 27. 
 
2.3.1 Introduction 
Batrachochytrium dendrobatidis (Bd), the causative agent of chytridiomycosis, has been 
implicated in worldwide amphibian declines (Kilpatrick et al., 2010). Although Bd is able to 
infect a wide range of species and hence displays extreme host generality (Bonaccorso et al., 
2003; Green and Sherman, 2001; Kriger et al., 2006a), amphibian morbidity and mortality in 
response to infection is highly variable and host-species specific (Gervasi et al., 2013; Voyles 
et al., 2011). For example, while some studies report devastating consequences of Bd 
infection (Retallick et al., 2004b; Schloegel et al., 2006; Skerratt et al., 2007), others have 
shown different levels of resistance to Bd infection (capacity to prevent or clear Bd infection) 
and have provided experimental evidence showing some species are able to clear Bd infection 
(Daszak et al., 2004; Davidson et al., 2003; Reeder et al., 2012; Retallick et al., 2004b; 
Rollins-Smith, 2009). In several species, infiltration of neutrophils, lymphocytes, 
macrophages and inflammation have been reported on the skin of susceptible (i.e., those 
which are not able to clear Bd infection or to prevent colonization of Bd) amphibians (Berger 
et al., 2005a; Davidson et al., 2003; Nichols et al., 2001; Pessier et al., 1999). Histological 
examinations of resistant hosts have revealed that Bd infections can cause skin injuries similar 
to those observed in susceptible species, albeit distributed more patchily on the skin (Daszak 
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et al., 2004; Davidson et al., 2003; Reeder et al., 2012). These results suggest that those 
amphibians that are apparently resistance to Bd infection might still experience sub-lethal 
costs but whether any such costs are likely to impair traits associated with reproductive 
success and survival is unclear.   
It is well known that pathogens exert significant cost for the host (Lochmiller and 
Deerenberg, 2000; Sheldon and Verhulst, 1996). Costs may be manifest through the host‟s 
energetic and cellular response to the infection (Bonneaud et al., 2003; Moret and Schmid-
Hempel, 2000; Råberg et al., 2000), through the pathogens acquisition of host resources, or 
through inducing greater host susceptibility to other pathogens (Bonneaud et al., 2012; 
Casadevall and Pirofski, 2003; Hornef et al., 2002). As such, hosts might show clinical 
symptoms and visible damage (Casadevall and Pirofski, 2003), but even where such effects 
are lacking, significant negative consequences can arise through reductions in investment in 
traits associated with fitness (e.g., growth, survival and reproduction, (Bonneaud et al., 2003; 
Sheldon and Verhulst, 1996). As a consequence, in species exhibiting apparent resistance to 
Bd, we might also expect there to be sub-lethal costs of infection and for such costs to 
influence populations. In support, a number of studies in frogs and toads have reported 
subclinical effects of Bd on tadpole growth (Davidson et al., 2007; Garner et al., 2009; 
Venesky et al., 2010a; Venesky et al., 2009), as well as adult body size (Burrowes et al., 
2007) and body condition (Richards-Zawacki, 2010). Nevertheless, in such cases, tests of the 
consequences of Bd infection for traits important in reproduction (morphology, behaviour) of 
resistant amphibians are generally lacking.   
The palmate newt, Lissotriton helveticus (Cuadata: Salamandridae; formerly Triturus 
helveticus), is a common, semi-aquatic amphibian of Western Europe. Palmate newts inhabit 
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aquatic habitats with still or very slow-moving water during the breeding season, but 
otherwise have a terrestrial life style (Secondi et al., 2009), occupying moist habitats and 
refugia (Nöllert and Nöllert, 2003). Males develop large ornaments when they enter water for 
breeding, manifested as a low, straight edged crest which extends dorsally, a thread-like 
filament projecting from the end of the tail and conspicuous webbing between the toes of the 
hind feet (Griffiths and Mylotte, 1988). These secondary sexual characteristics have been 
shown to be associated with male reproductive success (Baker, 1992; Cornuau et al., 2012; 
Green, 1991b; Secondi et al., 2009). They then gradually start to regress as the newts leave 
their aquatic habitat, but may not necessarily have fully disappeared as individuals start their 
migration to their terrestrial feeding (Griffiths and Mylotte, 1988).  
Interestingly, palmate newts have been reported in several Bd infected sites across Europe 
and have been found to test positively for Bd (WWW.Bd-maps.net (Imperial Clolledge, 
2014). Despite this, no morbidity or mass mortality have been reported (Imperial Clolledge, 
2014; Wood et al., 2009) and under laboratory conditions, excessive weekly exposures to 
more than 10
6
 Bd zoospores per week for more than 4 weeks does not induce symptomatic 
chytridiomycosis even up to 40 days following a month-long exposure course (Cheatsazan, 
unpublished results 2011, n = 35 newts). These observations suggest that this species exhibits 
some level of resistance to Bd. However, the consequences of exposure to Bd, which will 
most likely occur during the aquatic phase as a result of increased probability of exposure to 
waterborne Bd zoospores, have not been investigated for this species. Here, we inoculated a 
group of wild-caught palmate newts experimentally with a single dose of Bd (18 controls and 
50 exposed) and monitored Bd infection, survival and clinical symptoms, as well as changes 
in morphological and behavioural traits known to be associated with reproductive success in 
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this species. Our specific aim was to use this experiment to test: (1) whether palmate newts 
become infected by exposure to low doses of Bd, whether they show external symptoms and 
whether they are able to tolerate or clear the infection; (2) the consequences of Bd exposure 
and infection load for secondary sexual characters in males; (3) the consequences of Bd 
exposure and infection load for mass change in both males and females; and (4) whether 
exposure to Bd is associated with changes in the probability of an early entry into the 
terrestrial phase. Throughout, we consider sex differences, where possible.  
 
2.3.2 Methods 
In mid May 2011, 68 newts (34 males and 34 females) in aquatic phase were captured in 
narrow streams on the borders of Bouconne forest, Haute Garonne, France (43º 39‟ N and 1º 
14‟ W, 190 m altitude). Our rationale for using wild-caught rather than laboratory-derived 
newts was that we wished to use individuals as close as possible to their natural state. The 
sites used are in a forest reserve with natural and man-made streams, and are located about 
100 km outside the current extent of the known Bd infection zone. In addition, our inspections 
for Bd in this area since 2009 have failed to detect evidence of Bd infection of any amphibian 
species in the area, and all animals brought back to the laboratory tested negative for Bd. Male 
and female newts were randomly paired and transferred into plastic tanks (205× 
205×140mm). Our reason for this is that wished to examine the effects of Bd exposure on 
male secondary sexual characteristics, which we considered to be likely influenced by the 
presence of a female. Each tank contained 1.0 litre of aged tap water and a hollow brick for 
shelter. We randomly assigned tanks to one of 2 treatment groups: controls (9 males, 9 
females) and Bd-exposed (25 males and 25 females). All newts were maintained in the 
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laboratory for 7 days prior to experimentation and were provided with live midge larvae 
(blood worms), daphnia and/or tubifex every two days. Food was provided by „sucking‟ a 
known quantity of liquid (tube length x diameter = 55cmm x 0.5cm) containing roughly 75 
larvae. Although the precise number of larvae was unknown, there is no reason to suppose 
this varied systematically between experimentally exposed and control tanks. Room 
temperature was maintained at 18.6±1.9°C throughout the experiment. Light exposure was 
adjusted weekly to equal the average day length of the first and of the last days of the focal 
week (approximately 14h light: 10h dark). Water was changed 3 days after inoculation and 
then weekly thereafter to prevent bacterial blooms in the tank. This also means that levels of 
Bd loads detected were unlikely to be explained by zoospore survival in the water (Johnson 
and Speare, 2003b).  
Bd cultures were prepared from a Bd extract of an infected tadpole from an introduced 
population of American bullfrog (Lithobates catesbeianus) in southern France (for extraction 
protocol see (Longcore, 2000). This extract was grown in 1.0% Trypton (SCHARLAU, cat. 
No 07-119) and 0.32 g × l
-1
 glucose (ROTH, cat. No X997) in ultrapure water. Cultures were 
incubated at 18.5˚C to optimize growth of the fungus (Voyles et al., 2011). Approximately 
one hour prior to inoculation, we counted approximately 160 active zoospores × ml
-1
 of the 5
th
 
passage of our culture using a haemocytometer. We then added 12 ml of this culture to each 
Bd exposed tank (~2000 zoospores×l
-1
×tank
-1
). The experiment was stopped 30 days post-
inoculation, when about approximately half of the newts had entered or were entering the 
terrestrial phase of the season (t-phase). When a newt consistently remained out of the water 
for five consecutive days, we considered the day the newt had left the water for the first time 
as the start of t-phase. Animal capture was with permission of the prefecture of Haute 
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Garonne (Permission No. 2009-12). Animal housing facility and experiments comply with the 
regulations of the housing organization (CNRS: National centre for scientific research) and 
the current rules of France.  
Infection was detected by quantitative amplification of Bd-DNA content of weekly swab 
samples (from: forelimbs, hind limbs, aBdomen and cloaca) using fine tip dry swabs (Tubed 
sterile dryswabTM tip, Medical wire & Equipment, cat. No MW100). Swab samples were 
taken at upon arrival, day 7, 14, 21, and 30 after the first inoculation from all individuals. 
Quantitative PCR‟s were conducted as described in (Boyle et al., 2004), and after 
incorporating the changes suggested by Kriger et al. and Hyatt et al. (Bielby et al., 2009; 
Kriger et al., 2006b; Walker et al., 2007) except that the we reduced the final volume of 
reactions to 10 µl due to higher sensitivity of our q-PCR machine (Mastercycler ep realplex4, 
Eppendorf). Throughout this paper, results of all quantifications are presented in Bd Genome 
Equivalent (BdGE) per swab bout. In addition to standard duplicates and negative controls, 
we also included 6-12 samples of control newts in each test plates of exposed samples and 
utilized internal positive control reagent in all samples (TaqMan® Exogenous Internal 
Positive Control). To ensure the efficiency of inoculations, we also analysed swab samples of 
66 individuals of the same population, after 2 weekly exposures to 10
6
 zoospores of the same 
Bd strain. The average Bd load of these newts, one week after the second inoculation, was 
(mean ± S.E.) 442.2 ± 187.4 BdGE, showing the Bd strain and inoculation method was able to 
generate an infection in this population.   
On days 0 and 30 post-inoculation, we measured body mass using a digital scale (±0.01 
gram). Snout-to-vent length (SVL) and male secondary sexual traits were measured by 
ImageJ software on digital photographs of all individuals: area of tail crest, length of tail 
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filament, and average of webbed area of hind feet (left and right feet) one day before 
inoculation and day 30 after inoculation, according to (Cornuau et al., 2012). Photographs 
were taken on a single plastic board with a millimetre scaled area of 2×10 cm. All 
morphological measurements were taken twice by the same person (HC) and their average 
was used in statistical analyses. In all cases a strong correlation (r ≥ 0.90, p<0.001) was 
observed between replicates. Finally, we recorded survival,  and the start of t-phase as well as 
symptoms of clinical chytridiomycosis (Voyles et al., 2011). 
Infection patterns and symptoms-Changes in the probability of being infected during the 
experiment were analysed by fitting whether (1) or not (0) a newt was infected on a given day 
as the response term in generalized linear mixed-effects model (GLMM) with a binomial error 
structure and logit link function. The binomial denominator and dispersion parameters were 1. 
Changes to infection loads during the course of the experiment, were analysed using a GLMM 
with Poisson error structure and log-link function in which load size (numbers of BdGE) was 
fitted as the response term. In both models, individual subjects‟ codes (ID‟s) nested within 
box number were fitted as random terms to account for repeated sampling of each. The SVL 
and body mass of individuals on day zero were fitted as covariates, while sex, days after the 
first inoculations (7, 14, 21, 30) and their interaction were fitted as fixed effects. Finally, 
throughout the experiment we examined the animals for signs to Bd-mediated symptoms. 
Secondary sexual characteristics in males- Analysis of change in male secondary sexual 
characters over the course of the experiment was conducting using multivariate analysis of 
variance, in order to account for multiple correlated terms of interest (crest area, tail filament 
length and rear foot webbing: Spearman‟s rank correlations between the traits, rs=0.4-0.86, 
p<0.005-0.0001). The changes in each trait were fitted as the response terms, while 
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proportional mass change was fitted as a covariate to account for changes in body condition, 
and treatment was fitted as a the fixed effect of interest. Because in this case we only used a 
single measure from a single individual from each box (i.e. the male), there was no need to 
conduct a mixed model in this analysis.  
Mass loss in males and females- The effect of Bd on mass was investigated in two ways. 
First, an analysis of the effect of treatment on mass change was conducted by fitting mass 
change between day 0 and 30 as the response term in a general linear model with normal 
errors. Body length and mass at experimental onset were fitted as covariates, while sex and 
treatment were fitted as the primary fixed effects of interest, along with their interaction. 
Second, an analysis of the effect of Bd-load change during the course of the experiment on 
mass change was conducted in the same way, but wherein treatment was swapped for load 
change among exposed individuals. Because both of these analyses included a male and a 
female from the same box, it could be argued that such pairings are not independent units. 
However, initial residual maximum likelihood models fitting box number as a random term 
showed that the box from which individuals were obtained had a negative component of 
variance, indicating that the variation within boxes was indistinguishable from that between 
boxes. We therefore elected for the more parsimonious GLM rather than REML approach, 
since the results were almost identical and the former allows estimation of variance explained.  
Terrestrial phase- The probability that individuals initiated t-phase within the 30-day 
experimental period was investigated by fitting whether (1) or not (0) individuals entered t-
phase as the response term using two GLMs with binomial error structures with logit link 
functions. In the first case, treatment was fitted as the primary factor of interest, and in the 
second, treatment was replaced by Bd-load. In each case, body length (SVL) and mass at 
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experimental onset were fitted as covariates, and sex was fitted as an additional factor. In both 
analyses, we investigated the effect of tank identity in GLMMs, but in both cases it 
represented a negative component of variance.   
All statistics were conducted in Genstat Release 14 (Rothamsted Experimental Station, 
Harpenden, UK). The statistics are provided for all terms included in the models, and effect 
sizes ± standard errors are provided for terms of interest. Terms were dropped from models 
when their exclusion failed to generate a significant loss of model variance. All p values 
provided are two-tailed.     
   
2.3.3 Results 
Infection patterns and symptoms- At experimental onset, all newts tested negative for Bd, 
but following exposure to Bd, 94% of individuals became infected. Of these, most became 
infected in the first week, although 4% became infected by the end of week two and 2% were 
found to be infected at the end of week three.  Only 4% of newts remained infected 30 days 
after the onset of the experiment. As a consequence, the probability that individuals were 
infected with Bd changed substantially during the course of the month-long experiment 
(Figure 2-1a). Larger newts were less likely to be infected on a given day (effect ± S.E. = -
0.20±0.097; χ2= 4.16, df= 1, p= 0.041), but there was no effect of initial body mass (effect ± 
S.E. = -0.73±1.46 χ2= 0.49, df= 1, p= 0.49) and no differences between the sexes (χ2= 0.15, 
df= 1, p= 0.70; Figure 2-1a) on patterns of infection.   
Over the course of the experiment, Bd loads ranged from 0-14 BdGE per swab. Newts that 
were long (SVL) had reduced loads on average (GLMM with Poisson errors, effect ±S.E.; -
0.075 ±0.035; χ2= 4.70, df= 1, p= 0.030), but there was no effect of body mass at the onset of  
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(a) The probability of infection gradually decreased after the first week and by 30 days 
post-inoculation, most newts tested negative for Bd (GLMM: days post-inoculation; χ2= 
30.12, df= 3, p< 0.0001; interaction sex x days post-inoculation χ2= 2.68, df= 3, p= 0.44). (b) 
The average infection burden was constant until 2 weeks after inoculation; during the third 
week after inoculation the infection intensity started to decline and generally reached zero at 
day 30 post-inoculation (GLMM: days post-inoculation; χ2= 9.20, df= 3, p< 0.001; interaction 
sex x days post-inoculation χ2= 0.01, df= 3, p= 0.99). Figures show predicted means ±SE 
generated from the mixed model analyses. In both analyses, tank had no influence on patterns 
of Bd infection (tank component = 0), but there was some consistency in the prevalence of Bd 
infection within versus among individuals (component= 0.01 ±0.009 (S.E.) and a significant 
difference between individuals in Bd loads (component = 0.12 ±0.004 (S.E.)   
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Figure 2-1- Changes in probability and intensity of the infection during the course of the 
experiment.  
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the experiment (0.42±0.44; χ2= 0.90, df= 1, p= 0.34) and no difference between the sexes (χ2= 
0.01, df= 1, p= 0.93, Figure 2-1b). As with the incidence data above, Bd loads varied 
dramatically throughout the month-long experiment: in both sexes, Bd loads were at their 
maximum seven days after inoculation and declined to zero after a month (Figure 2-1b). The 
results above suggest that palmate newts are resistant to Bd. In support, we found no evidence 
to suggest that Bd induces mortality or visible clinical symptoms in the captive palmate newts. 
During the course of our 30-day study, only three newts died. Two infected newts died (1 
male and 1 female) 15 days post-inoculation, and one control (a female) did so 24 days 
following the onset of the experiment. Prior to their death, none of the exposed newts showed 
symptoms of clinical chytridiomycosis, such as skin lesions, haemorrhage, or absence of 
righting reflex (Berger et al., 2009; Voyles et al., 2009). Bd contents of swab samples taken 
the day before of death of the two treated newts were 0 and 14 BdGE in female and male 
individual, respectively.   
Secondary sexual characteristics in males- Male palmate newts show three obvious 
morphological characteristics during the aquatic breeding phase. At experimental onset, the 
mean (±SD) crest area, tail filament length and hind food webbing area were 110.4 (±12.2) 
mm
2
, 4.6 (±1.2) mm, 18.2 (±1.3) mm
2
, respectively. The onset of the experiment was timed to 
coincide with the peak breeding season and hence the maximum extent of male secondary 
sexual characteristic sizes. During the course of the experiment, crest and hind food web area 
declined by 37% and 31%, respectively, while tail filament was reduced in length by 68% 
(Figure 2-2). A multivariate analysis of variance (MANOVA) revealed that after controlling 
for the proportion of mass lost (F3,26= 3.04, p= 0.047), there was an overall effect of treatment 
on the reduction of the extent of secondary sexual characteristics (F3,26= 5.43, p= 0.005). 
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However, univariate ANOVAs showed that this overall effect was driven entirely by the 
effect of Bd treatment on a reduction (not increase) of the loss of hind food web area (Figure 
2-2) (crest area, F1,28= 0.45, p= 0.51; filament length, F1,28= 0.01, p= 0.94; hind food web 
area, F1,28= 12.37, p= 0.002).  
Figure 2-2- Effects of Bd exposure on male’s secondary sexual traits.  
Exposed and non-exposed males showed similar reductions in crest area and tail filament 
length, but the former showed reduced reabsorption of their rear feet webbing. Figures show 
predicted means ± S.E. from MANOVA.  
 
 
 
Mass loss in males and females-At the time of capture, females were slightly longer than 
males (mean ±SD snout-vent length (hereafter body length) = 34.9±1.9 vs. 32.6±1.8 mm: t-
test, t66= 5.10, p<0.001), but there was no difference in their respective masses (1.19 ±0.23 vs. 
1.20 ±0.20 g: t63= 0.49, p= 0.63). Individuals that were heavy at experimental onset lost 
significantly more mass over the 30-day experiment than those that were light (GLM: F1,63= 
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30.72, p< 0.001), but there was no effect of body length (GLM: effect±s.e. = -0.0064±0.0058; 
F1,62= 1.22, p= 0.27). After controlling for significant effects of the former, we found that 
exposed newts lost 33% more mass than control newts, with treatment explaining 7.5% of the 
variation in mass change during the experiment (F1,63= 10.55, p= 0.002; Figure 2-3a). Males 
and females lost similar amounts of mass (F1,62= 1.23, p= 0.27) and the effect of experimental 
treatment on mass loss did not differ between the sexes (F1,61= 0.28, p= 0.60; Figure 2-3a).     
The results above suggest that palmate newts suffer a cost of clearing Bd from their 
system. However, a better test of this hypothesis is to investigate the relationship 
between the change in Bd load and the change in mass over the course of the experiment. 
The mass lost by experimental newts increased as a function of increasing body mass at 
the onset of the experiment (GLM: effect ± S.E. = 0.27 ±0.066; F1,44 = 17.61, p < 0.001), 
but was uninfluenced by SVL (effect ± S.E. = -0.0022 ± 0.0062; F1,43 = 0.13, p = 0.73). 
After controlling for the effects of mass at experimental onset, we found a significant 
negative relationship with Bd load change and mass loss, with newts losing 5% of their 
body mass for every four BdGE‟s that they cleared (effect ± S.E.= 0.051 ± 0.012; F1,44 = 
18.36, p< 0.001, R
2 
= 20%; Figure 2-3b). This effect was common to both males and 
females (GLM: sex*Bd change interaction; F1,42 = 0.03, p = 0.86).  
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(a) Exposed newts of both sexes lost more mass than unexposed controls; (b) among the infected 
newts, the greater variation in the Bd load was correspondent with greater mass loss. Figures show (a) 
predicted means ± S.E. and (b) raw values and predicted line.  
 
 
 
 
 
 
 
(a) Exposed individuals were more likely to enter the terrestrial phase than unexposed controls; and 
(b) higher infection intensities were associated with increased probability of transition to terrestrial 
phase. Figures show GLM predicted (a) predicted percentages from a GLM ± SE and (b) shows the 
relationship between average Bd load and occurrence of t-phase among the Bd exposed newts. The 
line represents the linear predictor of the GLM (probability of t-phase) and the shaded area shows ± 
SE of the predictor. 
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Figure 2-3- effects of Bd exposure and load on body mass during the 30-day experiment.  
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Figure 2-4- Consequences of Bd-exposure and Bd-infection for probability of termination of 
aquatic breeding season.  
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Terrestrial phase- Overall, 46% of newts were judged to have entered t-phase by the end 
of the 30-day experiment. There were non-significant tendencies for males to enter t-phase 
after females (GLM, χ2 = 1.31, p = 0.25) and those in poor body condition to enter t-phase 
before those in good condition (body mass correcting for body length, χ2= 2.56, p= 0.11). 
After controlling for these effects, we found that exposed newts were 50% more likely to 
enter into t-phase during the 30-day experiment that control newts (χ2= 3.99, p= 0.046; Figure 
2-4a).  
Within the exposed individuals, males and females had a similar probability of entering 
into t-phase (GLM; Sex, χ2= 1.02, p= 0.31). There was no effect of body length on the 
probability of entering t phase (SVL effect ± S.E.= 0.027±0.15; χ2= 0.03, p= 0.86), but those 
individuals in poor conditions were more likely to enter the t-phase than those in better 
condition (initial mass effect ± S.E.-3.46±1.69; χ2= 4.71, p= 0.030). After controlling for 
these effects, we found that newts were more likely to enter t-phase if they had high average 
Bd loads during the first three weeks of the experiment, independently of sex (Bd load effects 
±S.E.= 0.73±0.33; χ2= 5.92, p= 0.015; sex x Bd load χ2= 0.01, p= 0.99; Figure 2-4b).  
 
2.3.4 Discussion 
Our results suggest that the Bd dose administered is capable of inducing a subclinical 
infection in the palmate newt within one to two weeks after inoculation. We found no 
evidence to suggest that Bd caused signs of chytridiomycosis (Voyles et al., 2009) or death, 
and indeed, virtually all exposed newts appeared to have cleared any infection by one month 
post-inoculation. These results complement circumstantial field evidence documenting that in 
Bd areas, palmate newts appear not to suffer mass mortality (e.g., (Imperial Clolledge, 2014; 
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Wood et al., 2009)). Nevertheless, our evidence also suggest that such apparent resistance to 
Bd comes at a cost of increased mass loss during the aquatic phase and a more rapid transition 
to terrestrial t-phase compared to non-exposed controls. Within exposed newts, both the 
amount of mass lost and probability of entering t-phase increased as a function of increasing 
pathogen load clearance. By contrast, the rate of loss of secondary sexual characteristics were 
generally not influenced by Bd infection, with the exception of hind foot webbing that 
remained longer in exposed newts than controls. While the devastating impacts of Bd on 
amphibians are well publicised (Fisher et al., 2009b; Retallick et al., 2004b; Schloegel et al., 
2006; Skerratt et al., 2007), much less is known about the extent, form and underlying causes 
of more subtle symptoms in apparently resistant amphibian species. Our results suggest that 
caution should be exercised before concluding that Bd has negligible consequences for 
apparently resistant species.  
Bd is known to invade the host epidermis; feeding on various nutrients (e.g., keratin), 
causing pathological abnormalities and impairing critical cutaneous functions, such as the 
maintenance of osmotic balance (reviewed in (Voyles et al., 2011)). Although Bd infection 
can have devastating consequences (see Introduction), accumulating evidence suggests that 
some amphibians only exhibit subclinical symptoms and might be able to effectively clear the 
infection through mechanisms such as antimicrobial peptides (Rollins-Smith, 2009; Rollins-
Smith and Conlon, 2005), Bd killing microbial flora on their skin (Harris et al., 2009a; Harris 
et al., 2009b; Lam et al., 2010), anti-Bd immunoglobulin‟s (Ramsey et al., 2010; Rollins-
Smith et al., 2011; Rollins-Smith et al., 2009), increasing body temperature during the 
infection (Rowley and Alford, 2013) and improvements to dietary condition (Venesky et al., 
2012) (reviewed in (Woodhams et al., 2011)). In such circumstances, individuals might still 
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suffer costs: (i) because pathogens impair body functioning; (ii) because mounting an immune 
response or repairing damaged tissues requires energy; (iii) because pathogens actually 
consume host energy resources; and/or (iv) because immune-associated illness-induced 
anorexia reduces energy intake (Hornef et al., 2002; Little and Killick, 2007; Martin et al., 
2003; Murray and Murray, 1979). For instance, in wild frog populations, Bd infection has 
found to be associated with smaller body size (Burrowes et al., 2007; Kriger et al., 2007), 
although the mechanism(s) causing the reduction in body size in these frog studies was 
unclear. The evidence for our study suggests that increased mass loss might be mediated by a 
cost of immunity (Bonneaud et al., 2012), but verification of this as a specific mechanism 
needs elucidating through more targeted experimentation in our and other studies. For 
example, we are not able to rule out a role of adaptive anorexia, but we suggest that such an 
effect is unlikely to explain our results fully, since newts were not fed adlib and we noticed no 
obvious surplus of food in experimental tanks. Indeed, that a recent study has shown 
experimentally that mounting an innate immune response (skin peptides) against Bd comes at 
cost to host body condition (Woodhams et al., 2012), provides some tentative support for our 
conclusions. 
We found little evidence to suggest that the regression of secondary sexual characteristics 
were hastened by exposure to Bd, but we found some support for the possibility that breeding 
season duration might be curtailed. Both the regression of sexually selected characteristics 
and transition into t-phase are thought to be largely under hormonal control (Kikuyama et al., 
2000; Mazzi and Vellano, 1987; Tassava and Kuenzi, 1979). Although, we were not able to 
measure neuroendocrine changes of the exposed and infected newts, our results fit well with 
the current knowledge of amphibians‟ stress responses and its impacts on reproduction. In 
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amphibians, exposure to pathogens can cause a rapid release of anti-microbial peptides (Miele 
et al., 1998; Rollins-Smith, 2001) through activation of hypothalamic-pituitary-adrenal (HPA) 
axis (=stress axis in mammals) (Gabor et al., 2013; Kapcala et al., 1995; Rollins-Smith, 
2001). Stimulation of this axis can result in inhibition of production and release of stress 
hormone (i.e. corticosterone (CORT), Kloas and Hanke, 1990; Malagón et al., 1991) which, 
in urodeles, inhibits the courtship behaviour, development/maintenance of male secondary 
sexual traits and triggers the migration toward the terrestrial habitat (Brown et al., 1991; 
Kikuyama et al., 2000; Mazzi and Vellano, 1987; Singhas and Dent, 1975; Toyoda et al., 
1994).  At the behavioural level, a decrease of prolactin triggers the termination of aquatic 
phase and migration toward terrestrial habitat while at a morphological level the decrease of 
prolactin induces the decline of tail crest (Kikuyama et al., 2000; Mazzi and Vellano, 1987; 
Singhas and Dent, 1975; Toyoda et al., 1994). However, the decline of hind feet webbing is 
mediated by a different mechanism which involves a synergetic effect of several hormones 
(Sever and Staub, 2010; Singhas and Dent, 1975). Therefore, the slowed reduction of hind 
feet webbings, in comparison to tail crest and tail filament, might be due to the difference of 
the hormonal bases which control these traits. In order to elucidate the potential mechanisms 
of slowed regression of foot webbing (in comparison with other secondary sexual traits, or 
vice versa) as well as early entry into t-phase, more studies are required. In addition, in order 
to understand the potential consequences, the exact role and relative importance of each 
sexually selected trait in female choice is required, as is the consequences of the size of each 
trait for survival on transition to the t-phase. 
Although, for obvious ethical and conservation reasons, we were unable to measure the 
consequences of experimental infection for individual fitness in the wild, we suggest the 
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consequences of Bd that we observed are likely to be significant (Burrowes et al., 2007; 
Garner et al., 2009; May et al., 2011; Richards-Zawacki, 2010). In palmate newts, mating 
success is likely to be influenced by the duration of their aquatic phase, and is known to be 
condition-dependent: female fecundity and male display rate are both highly demanding 
energetically (Harrison et al., 1983; Verrell et al., 1986; Wells, 2007). It is also highly 
probable that the success of terrestrial migrations are at least partly associated with having 
sufficient energy reserves as is the ability to survive winter hibernation, since the annual rate 
of survival of newts is fairly low (i.e. ≤ 50%, see (Bell, 1977; Jehle and Arntzen, 2000) and 
newts consume almost all their resources during the winter (Verrell et al., 1986). Our ability 
to project the population consequences of sub-lethal infections requires an understanding of 
whether or not individuals can acquire adaptive immunity to Bd or whether individuals with 
primed immune system remain susceptible to Bd. Where the former is the case, we would 
expect Bd to have little impact on palmate newt‟s populations once resistance spreads in the 
populations (e.g. see (Bonneaud et al., 2011; Woodhams et al., 2012). On the other hand, if 
the latter is true, the sub-lethal consequences observed in this study are likely to have more 
significant population consequences, with possible impairment of female fecundity, juvenile 
recruitment and adult survival. Currently, it is unclear whether amphibian species that suffer 
subclinical effects of Bd are declining, as one might expect from our results. We urge that 
future studies are careful to monitor population sizes of all amphibian species in a given area, 
and attempt to determine whether Bd can also have population consequences, even for 
apparently resistant species. Further, in the advent of such declines being apparent, it is 
important to determine whether such declines are generated through biased effects on each 
sex or age class.  
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3. Chapter III            
Impact of asymptomatic Batrachochytrium dendrobatidis infection on host 
reproduction 
3.1 Synopsis 
As noted in the previous chapter, the impact of Bd on reproductive success and fitness of 
asymptomatic host is unknown. Current evidence only suggests that asymptomatic Bd 
infection might indirectly affect host fitness through its impact on morphology or behaviour. 
For example, Chatfield et al (Chatfield et al., 2013) report under laboratory conditions, 
subclinical Bd infection in Lithobates pipiens, causes a reduction in locomotory performance 
in males while, their reproductive effort (spermatogenesis) was tended to be higher than 
controls. They propose that reduction in locomotory performance might be associated with 
reduced survival and mating success leading to a fitness cost. Similarly, Burrowes et al 
(Burrowes et al., 2007) working with declining populations of the couqi frogs, 
Eleutherodactylus coqui, of Puerto Rico, report that in declining populations infected males 
are shorter than uninfected individuals but, body size of infected individuals from stable 
populations were not different from uninfected ones. They suggest that smaller males are 
likely to have lower fitness than large uninfected individuals. In theory, any of such subtle 
changes in life history might potentially affect the host, leading to the possibility that 
reproduction or fitness might be impaired but, evidence linking asymptomatic Bd infection 
with host reproductive success and fitness per se, are lacking. It is also not clear whether or 
not these costs are large enough to affect vital rates of resistant species. In effect, until now, 
due to lack of firm evidence of the consequences of Bd infection for host populations that do 
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not exhibit clinical symptoms, subclinically infected species are usually treated as Bd-
resistant, and as a result, are only noticed as potential pathogen reservoirs (e.g. (Daszak et al., 
2004; Reeder et al., 2012)). 
In this part of this dissertation, we focus on the sub-lethal reproductive costs of Bd 
infection for the host. As mentioned, given the hardships of conducting experimental studies 
of the impact of the infection on reproduction of amphibians, the issue is mainly neglected. 
Here, we provide the first experimental evidence showing the incidence and magnitude of 
reproductive costs for subclinically infected adults.  We also provide the first evidence, 
showing how subclinical infection of parents would affect development and survival of 
offspring. In this study, to investigate impacts of subclinical Bd infection on reproduction, we 
captured 120 palmate newts from a Bd-naïve site at the very first days of their breeding 
aquatic phase. In the laboratory, these individuals were paired and were randomly assigned to: 
control condition exposed (N = 30 males and 30 females); and experimentally infected 
through exposure to low dose of Bd (N low dose= 30 males and 30) females or experimentally 
infected through exposure to high dose of Bd (N high dose= 30 males and 30 females). Newts 
were treated with four weekly doses of over 10
5
 Bd zoospores/litre (105 for low dose and 106 
for high dose), on days 0, 7, 14 and 21 after the experimental onset. We recorded Bd infection 
and reproduction of newts during 30 days after exposure to Bd. We specifically aimed to test 
for: (i) the impact of Bd infection on reproductive effort in tem of time to the first clutch, 
number of spawns (clutches) and inter-clutch intervals; (ii) the impact of Bd infection on 
reproductive success in terms of sum of the eggs and hatching rate; (iii) the consequence of 
parent‟s infection for development and survival of larvae.  
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Our results showed that exposure to Bd and asymptomatic Bd infection has measurable 
but sub-lethal impact on newts‟ reproduction. Importantly, Bd infection caused a considerable 
advance in phenology of reproduction of infected newts. While the overall clutch size was 
similar in Bd-exposed and controls, the effort leading to spawning eggs was different among 
these groups, as the probability of multiple spawns was 2 times more among infected newts. 
The impacts of Bd on reproductive effort appeared to increase by exposure rate and/or 
infection load. Notwithstanding the equal sum of eggs, hatching rate of infected parents was 
substantially lower than uninfected counterparts. While 92% of infected newts resisted to Bd 
by reducing or even clearing their infection load, 8% of newts (younger females and older 
males) experienced a substantial increase of Bd load, suggesting occurrence of terminal 
investment. Resistant individuals load produced over 35% less hatchling than individuals with 
increasing infection intensity. Although, Bd could not be vertically transmitted from parents 
to offspring, larvae of infected parents had abnormally larger and more asymmetric heads and 
forelimbs. Morphological irregularities were associated with over 28% decrease in the 
survival of offspring of the infected parents that appeared to increase with parent‟s exposure 
rate. We argue that the fitness consequences of asymptomatic Bd infection might incur a 
considerable load on existence of population and species that are currently facing with 
consequences of global changes and are outside of their environmental optima. In this way, 
we urge that cautious should be experienced in Bd management and mitigation programs 
before assigning none-declining species to a Bd-resistant category and their exclusion from 
disease survey and monitoring projects. We also suggest a more detailed study to address 
three important questions that have been brought about by our study and their answer is likely 
to lead to improvement of current therapeutic and conservation plans. First question is about 
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the underlying neuroendocrine mechanisms of Bd-induced behavioural abnormalities in 
newt‟s reproduction such as, reduction of duration of breeding season and shattered 
reproductive activity of infected couples. The mechanism(s) by which host response to Bd 
infection lowers hatching success is the second important question and finally, we highly 
recommend an assessment of populations of the palmate newt in high altitude and pristine 
areas of Pyrenees, as one of the current spatio-temporal centre of Bd spread in Europe to 
understand whether introduction and establishment of Bd is associated with population 
declines in this area.   
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3.2 Reproductive costs of infection with the chytrid fungus, Batrachochytrium 
dendrobatidis, in an asymptomatic amphibian  
 
3.2.1 Introduction 
In addition to the obvious costs of disease for the host (i.e. manifesting infection 
symptoms), disease can have a devastating impact on individuals that remain asymptomatic 
(Carruthers and Suzuki, 2007; Danta et al., 2008; Gunn and Irvine, 2003; Kyriazakis et al., 
1996). In many systems, subclinical disease has a detrimental impact on host reproduction 
without necessarily reducing host survival. Examples of sub-lethal reproductive costs have 
been reported in a variety of animal systems such as, humans (Gibbs et al., 1992; Paavonen 
and Eggert-Kruse, 1999), mammals (Feore et al., 1997; Terpsidis et al., 2009), birds 
(Gustafsson et al., 1994) and insects (Kloas, 2011). These costs may either be paid directly, 
through reduction of current reproductive success (Hanssen et al., 2005; Ots et al., 2001); or 
indirectly, through a terminal investment of available resources towards maximizing current 
reproductive success which subsequently reduces number or quality of offspring in the future 
breeding occasions (Clutton-Brock, 1984; Forbes, 1993; Minchella and Loverde, 1981; Pärt et 
al., 1992). Despite the considerable amount of empirical and theoretical efforts, the impacts of 
asymptomatic infection on reproduction are not thoroughly explored in all wildlife classes.   
Emerging infectious diseases are an important threat to global biodiversity (Fisher et al., 
2009b; Jones et al., 2008) and can cause population declines in plant and animal species 
(Anderson et al., 2004; Kilpatrick et al., 2010; LaDeau et al., 2007). Of these, amphibians‟ 
chytridiomycosis is currently the largest infectious disease threat to biodiversity and is 
decimating amphibian populations on all continents (James et al., 2009; McCallum, 2012; 
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Voyles et al., 2009). Batrachochytrium dendrobatidis (Bd), the causative agent of the disease 
has been found to infect all amphibians tested so far (Fisher et al., 2009b). The outcome of 
infection is, however, not necessarily mass mortality and population declines (Blaustein et al., 
2005; Parris, 2004) as, several amphibian species have indeed been shown to stay 
asymptomatic and persist with repercussions of persistence of Bd in the environment (Daszak 
et al., 2004; Reeder et al., 2012; Woodhams et al., 2012). Nevertheless, it is now becoming 
established that asymptomatic amphibians also suffer from a variety of sub-lethal costs. As 
such, are reduced foraging capacity (Venesky et al., 2009; Venesky et al., 2010b, c), 
developmnertal stress (Parris and Cornelius, 2004), shorter adult body size(Burrowes et al., 
2007) and reduced survival (Garner et al., 2009) which are more likely to affect host‟s 
survival rather than reproduction. Nonetheless, Chatfield et al (Chatfield et al., 2013) have 
recently reported that under laboratory conditions, subclinical Bd infection in Lithobates 
pipiens, causes a reduction in locomotory performance in adult males that can be associated 
with reduced mating success. Although such a subtle change in reproductive success might 
potentially affect the host, leading to the possibility that reproduction or fitness be impaired, 
evidence linking asymptomatic Bd infection with host reproduction per se, are rare (e.g. 
Cheatsazan et al., 2013). In addition, current evidence does not provide any insight into the 
extent and magnitude of possible sub-lethal reproductive costs of the infection and their 
outcome for offspring or vital rates of population.  
The Palmate newt, Lissotriton helveticus (Cuadata: Salamandridae), is a common 
amphibian in Western Europe which occupies a steep altitudinal gradient from sea level up to 
2400 m (asl) (Raffaëlli, 2007). Newts essentially inhabit terrestrial habitats close to water 
bodies (Nöllert and Nöllert, 2003) and during their breeding season (usually in early march to 
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early June, depending on altitude) migrate to water and start a fully aquatic phase for up to 
few months (Griffiths and Mylotte, 1988). After migration to the aquatic feedings, both males 
and females gain a considerable amount of mass (Griffiths and Mylotte, 1988) and males 
gradually start to exhibit several secondary sexual traits, such as a thread like filament at the 
end of the tail, a crest above the tail and posterior dorsum and dark webbing on the rear palms 
(Griffiths and Mylotte, 1988). In a recent study we showed that naïve individuals of the 
European palmate newt are able to clear Bd infection during their aquatic breeding season 
(Cheatsazan et al., 2013). Nonetheless, newts were incurred with measurable sub-lethal costs, 
namely, 50% increase in the condition costs of their aquatic breading season, more rapid 
transition to non-breeding terrestrial phase and hastened reabsorption of one of the male‟s 
secondary sexual traits (rear feet webbing). Considering to the direct effect of the size of 
secondary sexual traits and condition on reproductive success (Cornuau et al., 2012; Green, 
1991a, b) we hypothesized that asymptomatic Bd infection will have a repercussion in terms 
of the reproductive effort and success for the palmate newt.  
To investigate impacts of subclinical Bd infection on reproduction of asymptomatic hosts, 
we captured individuals from a naïve population at the early days of their breeding aquatic 
phase. In the laboratory, these individuals were randomly paired and assigned to 3 groups: 
sham-exposed controls, experimentally infected through exposure with a low dose of Bd or 
experimentally infected through exposure to a high dose of Bd (N high dose= 30 males and 30 
females, N low dose= 30 males and 30 females, Ncontrol=30 males and 30 females). Newts were 
exposed to Bd once per week (10
5 
Bd zoospores/litre for low dose and 10
6
 Bd zoospores/litre 
for high dose), on days 0, 7, 14 and 21 after the experimental onset. The infection status of 
newts was checked by testing Bd content of skin swabs taken while a majority of newts were 
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spawning the first clutch (day 15 after experimental onset) and day 30 when 60% newts were 
leaving the water and were starting their terrestrial life stage. First, to investigate the impact of 
Bd infection on reproductive effort we recorded time to the first clutch, number of spawns 
(clutches) and inter-clutch intervals. Considering to the condition cost of Bd infection for 
aquatic newts and more rapid termination of breeding season in infected palmate newts 
(Cheatsazan et al., 2013) we predicted that infected newts might invest less energy in 
reproduction so, their reproduction might be impaired in several ways. As such, newts may 
not spawn at all; start their breeding activity with delay; spend more time among their spawns; 
and/or have less clutches (spawns) rather than controls. Second, to test for the impact of Bd 
infection on reproductive success we gauged reproductive success as sum of the eggs and 
hatching rate. We predicted the condition cost of Bd infection may also be associated with a 
decrease of the total clutch size and/or hatching rate of infected newts. To account for the 
impact of parent‟s infection for larvae, we first tested for vertical transmission of the infection 
(parents to offspring) and then measured the morphological traits and survival of larvae until 
breeding season has been terminated. We predicted that Bd infection of parents might be 
associated with reduced quality of offspring leading to the possibility that their larvae have 
lower survival or suffer from less stable development, in term of the size or symmetry of 
different body parts.    
 
3.2.2 Materials and Methods 
In 2011, newts in aquatic life stage were captured in the Étang de Bouvète, Haute 
Garonne, south of France (42º 54‟ N and 0º 46‟ W, 1710 m altitude), a permanent lake with 
an area of approximately 1.4 hectare surrounded by small marshes. At time of capture, the site 
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was not in the Bd infected area of French Pyrenees. In Late March and July of 2011 and 
before the experimental onset, we had taken swab samples of 30 palmate newts from this site 
and found no sign of Bd infection in this population. Sampling was conducted during the early 
breeding season (end of April). We caught 90 males and 90 females using hand nets and 
brought them back to the laboratory where they were randomly paired and transferred into 90 
plastic tanks (205× 205×140mm) in pairs of one male and one female. Each tank contained 
1.0 litre of aged tap water, a hollow brick for shelter and a 2x20 cm strip of black bin bag to 
serve as a spawning site. Animals were fed ad libitium with live midge larvae (blood worms), 
Daphnia and/or Tubifex. Room temperature was maintained at 19.5±1.11°C throughout the 
experiment. Light exposure was adjusted to 10:14 (dark: light) and water was partially (75%) 
changed weekly prior to inoculations and once 30-40 hours post-inoculation to prevent 
bacterial bloom in tanks.  
Pairs were randomly allocated to one of 3 treatment groups: controls (30 males, 30 
females), low dose Bd-infected (10
5 
zoospores per week; 30 males, 30 females) and high dose 
Bd-infected (10
6
 zoospores per week; 30 males, 30 females). Bd source, extraction, and 
culture protocols were identical with Cheatsazan et al. (Cheatsazan et al., 2013). Inoculum 
was obtained from cultures with active Bd zoospores that, in case of necessity, were diluted to 
desired zoospore densities by adding autoclaved Bd medium, and was directly added to the 
tanks, on days 0, 7, 14 and 21 of the experiment. Controls were treated with the same volume 
of autoclaved medium. The infection status of newts was detected quantitative amplification 
of Bd-DNA content of skin swabs taken during the time of the first spawn (day 15 after 
experimental onset) and when a majority of newts (60%) had already stopped their 
reproduction (day 30 after experimental onset. Swabbing and q-PCR‟s were conducted as they 
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were described in Cheatsazan et al. (Cheatsazan et al., 2013). We defined newts‟ infection and 
declining when the proportional change of the infection load at day 30 was negative. By 
contrast, increasing infections were determined when proportional changes of infection load 
at day 30 were positive.    
Effects on reproductive effort and success- To quantify reproductive effort we recorded 
following parameters twice a week: time to the first spawn (clutch), interval between the first 
and the second spawn, and number of clutches. Reproductive success was considered as the 
total number of produced eggs and the total number of hatchlings. These parameters were 
measured twice per week. At the end of the experiment, we waited for an additional two 
weeks to provide enough time for all eggs to hatch.  
The effect of Bd on probability of spawning was conducting by fitting whether (1) or not 
(0) a female spawned during the course of the experiment to two GLM‟s with binary error 
structure and logit link function. In the first model, treatment was fitted as the primary factor 
of interest while SVL of the females was fitted as covariate. In the second analysis, we only 
included Bd-exposed newts and added Bd load of the females at day 15 and proportional 
changes of the infection during the course of the experiment to the previous covariate. To 
analyse the impact of Bd on probability of multiple clutches (i.e. spawning more than once), 
we fitted whether (1) or not (0) newts had more than one spawn as the response term of 
GLM‟s with binary error structure and logit link function. Treatment was fitted as the primary 
factor of interest while females‟ SVL was fitted as covariate. To account for the impact of Bd 
load and the response of females to Bd, we removed controls from the data and repeated the 
analysis by adding females‟ infection load at day 15 as covariate and changes in female 
infection load (reduced vs. increased) as the secondary factor of interest. The inter-clutch 
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interval was analysed by fitting the same group of factors and covariates to GLM‟s with 
Poisson error structure and logit link function. Number of days between the first and the 
second clutch were fitted as the response term to this model. Similarly, we also analysed the 
response of the Bd-exposed females by removing controls and adding the above mentioned 
covariates to the model.  
Reproductive success was tested by analysing the total number of eggs and number of 
hatchlings that was produced during the course of the experiment. Number of eggs or number 
of hatchlings were fitted as the response term to GLMs with Poisson error structure and the 
logit link function with factors and covariates of interest. To account for the impacts of 
exposure to Bd, treatment was fitted as the primary factor of interest whereas parents‟ SVL 
was fitted as covariate. Finally, to investigate the relationships among newts response to Bd 
infection and their reproductive success, we fitted treatment, parent‟s infection pattern 
(reduced = 1, increased = 0) as the factors of interest, while SVL of parents and infection load 
at 15 were fitted as covariates of the model. In models with number of hatchlings as the 
response term, the total number of eggs was also added to the former factors and covariates to 
account for the hatching success.  
Effects on larvae development and survival - At day 44 after the experimental onset, all 
living larvae which have been hatched at least one week after the last inoculation were 
collected. We pooled all clutches of each treatment (e.g. all larvae of HD parents) and 
transferred them to 4 small plastic tanks (205× 205×140 mm, Exo-terra Cat. No PT227) with 
3 litre of aged tap water. They were fed ad libitum with boiled lettuce leaves and JBL NOVO 
FECT pills (Cat. No 3024800, JBL, Germany) until the day 15 when the experiment was 
stopped due to considerable mortality in larvae of Bd-exposed parents. For morphological 
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measurements of larvae, we took a digital photograph of all larvae at days 0, 7 and 15 and 
used the ImageJ software to extract values for the following morphological traits: body length 
(distance between tip of snot and the end of the tail), length of the head (between snot and an 
assumptive line which connects posterior end of the eyes), width of the head (at the most 
posterior edge of eyes), fore limb length on both sides, eye diameter on both sides (maximum 
diameter when viewed from above). Fluctuating asymmetry, the deviation from bilateral 
symmetry, was calculated as the absolute value of differences between right and left sides (for 
limbs and eyes). To guaranty the maximum accuracy, all measurements were done twice by a 
single observer (HC) and their average was used in statistical analyses. 
To test the susceptibility of larvae to Bd infection, we collected 20 larvae of uninfected 
naïve parents (not those of this study) and exposed them for 3 consecutive weeks to 5-7 × 10
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zoospores/week and then checked their infection status by at day 25 after the first exposure. 
As the larvae were too small for swabbing, we retrieve larvae from the water and put them in -
20 °C for 2-3 hours. Whole larvae were used for the extraction of DNA and molecular 
analyses. As all of the samples were detected to be negative for Bd, results are not shown in 
details. To test for vertical transmission of Bd from parents to larvae, we repeated the same 
test with five 21 days old larvae of HD treated parents and, again found no evidence of Bd 
infection.   
In order to test the impact of parent‟s infection on larvae analyses of morphometric 
characteristics of larvae were conducting by fitting multiple terms of interest (body size, head 
length, head width, right eye diameter, and length of the right forelimb) to a multivariate 
analysis of variance (MANOVA) while parents‟ treatment was fitted as the fixed effect of 
interest. To investigate the developmental stability we measured fluctuative asymmetry of 
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larvae on the left-right proportions of paired organs (eye and forelimb). These measurements 
were fitted as the response term to another MANOVA with parent‟s treatment as the fixed 
effect. Finally, the probability of whether (1) or not (0) larvae survived until the end of the 
experiment was fitted as the response term to a binary logistic regression (BLR) with parent‟s 
treatment as the categorical fixed term of interest.  
All statistical analyses were conducted in R statistical package, ver. 3.0.0. To prevent 
pseudo-replication in statistical analyses, the tank (containing one male and one female) was 
considered as the unit of analyses. 
 
3.2.3 Results 
Effects on reproductive effort and success- All swab samples which were taken from 
controls during the course of the experiment were tested to be negative for Bd. At day 15 after 
experimental onset, 98% of Bd-exposed newts were found to be infected. On average, Bd 
infection load of HD treated newt was (mean ± S.E.) 89.7 ± 16.3 and 339.2 ± 129.0 BdGE per 
swab in LD and HD treated newts, respectively. By the day 30 after experimental onset, over 
18% of infected newts reduced (87% of LD and 92% of HD) their infection burden. The rest 
of individuals (13% of LD and 8% of HD) experienced an average of 290 times increase in 
their infection burden.  
During the first week of the experiment, only 2% of females spawned. However, after this 
point, spawning was increased and between days 8 to 25after experimental onset, 63% of 
controls and over 76% of Bd-exposed females (76% of LD and 90% of HD) spawned. 
Probability of spawning was not related to females‟ body size (GLM, SVL: χ2 = 0.001, df = 
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89, p = 0.981). After controlling for the effects of SVL, exposed newts were found to be more 
likely to spawn (χ2 = 6.25, df = 2, 70, p = 0.044, Figure 3-1a).  
The increase in spawning in response to Bd was occurred in a dose dependent manner in 
which HD treated pairs (effect ± S. E.: 1.65 ± 0.72, Wald‟s z= 2.30, p= 0.021; Figure 3-1a) 
spawned more than LD treated newts (effect ± S. E.: 0.64 ± 0.58, Wald‟s z= 1.11, p= 0.266). 
Nonetheless, when only Bd-exposed newts were incorporated in the analyses, the likelihood 
of spawning was neither related to infection load of the females at day 15 (χ2 = 0.04, df = 1, 
55, p = 0.845) nor to the changes in their infection load during the course of the experiment 
(χ2 = 0.41, df = 1, 55, p = 0.522).   
During the course of the experiment, 48% of females spawned more than once (1-4 
times). Probability of spawning more than once was not related to female‟s body size (χ2 = 
0.05, df = 1, 87, p = 0.816). However, exposure to Bd caused a two fold increase in the 
probability of multiple spawn (20% of controls vs. 43% in LD and 47% in HD; GLM: χ2 = 
5.98, df = 1, 89, p = 0.050; Figure 3-1b). After removing controls from the model, increase in 
the probability of multiple clutches in Bd-exposed newts was neither related to infection load 
at day 15 of the experiment (GLM; χ2 = 1.24, df = 1, 55, p = 0.266) nor to the changes in Bd 
load (χ2 = 0.12, df = 1, 55, p = 0.727).  
The inter-spawn interval (number of days between the first and the second spawns) was 
(mean ± S.E.) 9.8 ± 1.7, 16.5 ± 1.3 and 15.1 ± 1.5 days in controls, LD and HD females, 
respectively. After controlling for the effect of females body size (GLM; effect size ± S.E: 
0.05 ± 0.02, χ2 = 3.71, df = 1, 32, p = 0.054) we found that the increase in inter-clutch interval 
was significant in Bd-exposed newts (χ2 = 14.19, df = 1, 32, p < 0.001; Figure 3-1c).  
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(a) Bd infection significantly increases the likelihood of spawning in a dose dependent manner. 
Figure, represents the frequency (%) of spawned female palmate newts in control and Bd-treated 
females. (b) Infected female palmate newts were almost 2 times more likely to spawn more than once 
(2-4 clutches; see the text) but, within Bd exposed newts difference in the probability of producing 
more than one clutch was not large enough to generate statistical significance. (c) Although the 
infected females were more likely to spawn for the second time, they had to wait for a longer time 
before they spawned for the second time. Figure shows mean ± S.E. interval between the first and the 
second spawn. 
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Figure 3-1- Impact of Bd infection on newts’ spawning 
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Within Bd-exposed females, the inter-clutch interval was higher in newts with higher 
infection loads at day 15 (GLM; χ2 = 5.74, df = 1, 25, p = 0.017) but, the proportional 
changes in Bd load were not related to the inter-clutch interval (χ2 = 1.75, df = 1, 24, p = 
0.186). On average, each female laid (mean ± S.E.) 44.5 ± 3.0 eggs during the 30 days course 
of the experiment. Longer females were likely to produce more eggs than the others (GLM, 
SVL: χ2 = 6.74, df = 1, 68, p = 0.009). Similarly, longer males were also associated with 
greater number of (χ2 = 44.1, df = 1, 68, p < 0.001) eggs. After controlling for the formers, we 
found exposure to Bd did not have any impact on the total number of eggs in Bd-exposed 
parents (mean ± S.E.: 45.6 ± 5.5 in controls vs. 46.9 ± 6.6 in LD and 44.9 ± 5.6 in HD; χ2 = 
0.148, df = 1, 68, p = 0.929).  
Overall, about 15% of all eggs were hatched during the course of the experiment and 42% 
of parents (those who had spawned) were failed to produce any hatchlings. Couples that 
produced more eggs had a trivial advantage to have more hatchlings (GLM, effect size ± S.E.: 
0.009 ± 0.002, χ2 = 6.07, p < 0.001). In addition, shorter females (SVL effect size ± S.E.: -
0.19 ± 0.02, χ2 = 9.13, p < 0.001) and longer males (SVL effect size ± S.E.: 0.12 ± 0.02, χ2 = 
5.76, p < 0.001) had greater hatching rates. After controlling for these effects, number of 
hatchlings of Bd-exposed parents (mean ± S.E.: 5.8 ± 1.7 in LD and 2.2 ± 1.14 in HD; Figure 
3-2a) was found to be 14-66% less than controls (6.7 ± 1.8; χ2 = 73.33, df = 1, 68, p < 0.001). 
Among Bd-exposed parents, greater number of eggs (GLM, effect size ± S.E.: 0.01 ± 0.002, 
χ2 = 5.03, p < 0.001), shorter females (effect size ± S.E.: -0.38 ± 0.03, χ2 = 11.1, p < 0.001) 
and longer males (effect size ± S.E.: 0.21 ± 0.03, χ2 = 6.8, p < 0.001) were associated with 
higher hatching rates. After controlling for these effects, we found that the decrease in 
hatching rate in response to Bd dose was significant (χ2 = 43.7,df = 1,49; p < 0.001). 
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Interestingly, females that reduced their infection burden had 47% less hatchlings than those 
who had experienced a progressive Bd infection (χ2 = 37.5, df = 1, 49, p < 0.001; Figure 3-2 
b). Likewise in the tanks that males‟ had reduced or cleared their infection, number of 
hatchlings was 35% lower than the tanks in which the male had suffered a progressive 
infection (χ2 = 27.6, df = 1, 49, p < 0.001; Figure 3-2b). 
 
(a)The quantity of eggs was similar in controls and infected parents. However, hatching 
success of the eggs was diminished in a dose depended manner. Figure shows average sum of 
the eggs and proportion of hatched eggs in each experimental group. (b) While 92% of newts 
effectively reduced their infection load by the day 30 after the first exposure to Bd, the rest of 
them experienced an increasing Bd infection. The increase in Bd infection intensity was 
resulted in an increase in hatching rate in both sexes. Figure shows mean ± S.E. number of 
hatchlings in individuals with decreasing and increasing infection intensity.  
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Effects on larvae development and survival - The length of the larvae was (mean ± S.E.) 
9.55 ± 0.11 mm at experimental onset. At this time, treatment of the parents was not 
responsible for the variance in the larval morphological traits (MANOVA, F= 1.65, df = 2, p 
= 0.137). However, by the end of experiment, morphology of larvae of Bd-exposed parents 
became different from larvae of control parents (F= 8.92, df = 2, p < 0.001). Univariate 
ANOVA‟s revealed that body size and the size of the eye were not different among larvae of 
different groups (body size: F = 1.59, df =2, 44, p = 0.215; eye size: F= 1.65, df = 4, 44, p = 
0.916). Nonetheless, parents‟ exposure to Bd had caused an increase of head length (mean ± 
S. E. (mm): 0.92 ± 0.02 in controls vs. 0.97 ± 0.02 in LD and 1.08 ± 0.07 in HD; F = 7.81, df= 
2,44, p = 0.001), the width of the head (mean ± S. E. (mm): 1.52 ± 0.01 in controls vs. 1.56 ± 
0.02 in LD and 1.65 ± 0.14 in HD; F = 9.58, df= 2,44, p < 0.001) and the length of the 
forelimb (mean ± S. E. (mm): 1.38 ± 0.03 in controls vs. 1.47 ± 0.05in LD and 1.83 ± 0.20 in 
HD; F = 9.58, df= 2,44, p < 0.001). At the experimental onset, the right-left proportion of the 
size of paired organs was (mean ± S.E.) 1.03 ± 0.18 and 1.01 ± 0.01 for eyes and forelimbs, 
respectively. This proportion was not statistically different among the larvae of Bd-exposed 
and controls (MANOVA, F = 1.50, df= 2, 53, p = 0.232) but after 2 weeks, both proportions 
were different among these groups (F = 4.90, df= 2, 43, p = 0.012; Figure 3-3 a and b). In 
addition, survival of the larvae of Bd-exposed parents was over 26% less than controls (98% 
in control vs. 72% in LD and 50% in HD, BLR, χ2 = 6.80, df =2, p= 0.033; Figure 3-3c).  
 
  
75 
 
 
(a and b) despite we did not found any evidence of infection in larvae, development of 
forelimbs (a) and eyes proceeded in a more asymmetric manner in offspring of infected 
parents. Figure shows mean ± S.E. right left proportions of forelimbs (a) and eyes (b) at days 
0 and 15 of the experiment.  (c) While larvae of control newts suffered from very low 
mortality during the 15 days of the experiment, survival of the offspring of infected parents 
was significantly reduced in a dose dependent manner. Figure shows mean ± S.E. of survived 
larvae after 2 weeks under experimental conditions. 
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Figure 3-3- Consequences of Bd infection of parents for offspring.  
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3.2.4 Discussion 
Sub-lethal impacts of Bd infection for resistant amphibians or asymptomatic carriers are 
well explored (Burrowes et al., 2007; Chatfield et al., 2013; Garner et al., 2009; Parris and 
Cornelius, 2004; Venesky et al., 2009; Venesky et al., 2010b). Nonetheless, evidence of 
reproductive costs of Bd infection in such species is lacking (Cheatsazan et al., 2013). Our 
results suggest that Bd has measurable but sub-lethal impacts on host‟s reproduction, at least 
under the laboratory conditions presented. Asymptomatically infected newts were more likely 
to spawn suggesting, they had started their breeding season earlier than uninfected 
individuals. Although the overall clutch size was similar in Bd-exposed and control parents, 
the effort that spared to produce eggs was different among these groups, as the probability of 
multiple spawns was 2 times more among infected newts. They also had more prolonged 
intervals between their spawns. These effects were appeared to increase by exposure dose 
and/or infection load. Importantly, despite equal clutch size (sum of eggs) hatching rate in the 
clutches of infected parents was substantially lower than uninfected counterparts. 
Nevertheless, among infected newts, individuals that reduced their infection load produced 
over 35% less hatchling than individuals with increasing infection burden. Interestingly, 
despite we did not find any indication of vertical transmission of Bd from parents to offspring, 
larvae of infected parents had abnormally larger and more asymmetric heads and forelimbs. 
These abnormalities were associated with over 28% decrease in the survival of offspring of 
the infected parents which appeared to increase with parent‟s exposure dose. Collectively, 
results of this study suggest that Bd infection incurs a considerable reproductive cost, even to 
apparently resistant hosts. Given the high prevalence of Bd during Bd outbreaks, the condition 
cost of the infection (Cheatsazan et al., 2013) and the results of the current study, it seems that 
the invasion of Bd can dramatically reduce adult survival and juvenile recruitment in naïve 
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populations of the palmate newt. While overwhelming impact of Bd induced morbidity and 
mortality on amphibian populations is well documented (Berger et al., 1999; Bosch et al., 
2001; Daszak et al., 2003; Skerratt et al., 2007), very little is known about the reproductive 
and fitness consequences of the infection for asymptomatic carriers. To our knowledge, our 
study provides the first experimental evidence showing the occurrence and magnitude of sub-
lethal costs of asymptomatic Bd infection, and shows how the reproductive costs of Bd 
infection can be devastating even in apparently resistant species.   
Upon arrival at aquatic habitat, condition (Verrell et al., 1986) and expansion of sexual 
traits are redundant for newts‟ reproductive activities (Griffiths and Mylotte, 1988) hence, 
initiation of reproduction can only be attained once they have entered the water and started to 
feed (Griffiths and Mylotte, 1988). Our results suggest that exposure to Bd had outweighed 
this necessity by antedating the first spawning event as the probability of spawning was over 
13% higher in Bd treated newts (13% in LD and 27% in HD). In a recent study, we showed 
that exposure to Bd was associated with early entry to terrestrial phase in the palmate newt, 
thus, it was suggested that newt‟s breeding season might be curtailed in infected newts 
(Cheatsazan et al., 2013). However, results of the present study suggest that more rapid 
transition into terrestrial phase is more likely to reflect an early commencement of 
reproductive activity rather than curtailed breeding season. Offspring production by most 
species is timed to coincide with periods in the year which is linked to the phenology of other 
organisms needed for successful reproduction (Stevenson and Bryant, 2000). Although the 
impact of the shift in phenology or reproduction is controversial (Both et al., 2009; Post and 
Forchhammer, 2008), it can affect reproductive success of the species (Stevenson and Bryant, 
2000) and even have devastating consequences for entire ecosystem (Winder and Schindler, 
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2004). Alterations of phenology are usually been regarded as a repercussion of climate change 
reproduction (Both et al., 2009; Post and Forchhammer, 2008; Stevenson and Bryant, 2000), 
and to our knowledge this is the first evidence showing reproductive  phenology of 
amphibians is advanced in response to an infectious disease.    
We found no evidence to suggest that the final clutch size was smaller in the Bd exposed 
newts but, the equality was sustained by twice more intense spawning effort after more 
prolonged inter-clutch intervals. It is well established that Lissotriton species of both sexes 
have a post-nuptial gametogenesis that is, newts produce mature gametes (mature sperms and 
yolked oocytes) for the next year breeding season during the late summer and autumn (Verrell 
et al., 1986). In this way, larger and heavier newts are expected to carry more gametes for 
their next breading season thus, under our experimental setup, number of eggs and 
spermatophores had been determined long before we exposed newts to Bd. Therefore, this 
early investment gametogenesis can be speculated as the cause of equal clutch size of controls 
and Bd-exposed newts. However, our results suggest that the distribution of gametes might be 
regulated in response to unsolicited situations such as infection and, presumably, other 
stressful events. As a result, it is likely that increase in number of times newts spawned and 
prolonged inter-spawn interval is because Bd has temporarily diverted energy, either from 
males‟ ability to deliver proper amount of sperms or from females ability to afford spawning 
effort and/or sperm storage (see (Birkhead and Møller, 1998; Gabor and Halliday, 1997; 
Sever et al., 1999; Verrell et al., 1986) for more details on newt‟s reproduction).  
Natural selection favours particular combinations of life history traits that maximize 
reproductive success and fitness of individuals (Roff, 1992; Stearns, 1992, 2000). Many 
iteroparous species trade-off their current reproduction with subsequent survival and/or 
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reproduction (Fontaine and Martin, 2006; Ghalambor and Martin, 2001) as their residual 
reproductive value decreases due to diminished survival (Williams, 1966). Under these 
circumstances when reserving energy for the future reproduction is not advantageous, 
selection might hence favour individuals that increase their current reproductive effort (i.e. 
terminal investment) (Clutton-Brock, 1984; Pärt et al., 1992). On the other hand, investment 
in current reproduction may reduce future reproductive value through late effects from 
reduced investment in immune responses and incur a cost to the survival and future 
reproduction (Gustafsson et al., 1994; Sheldon and Verhulst, 1996). Current evidence, 
however, suggest both terminal investment (Adamo, 1999; Lafferty, 1993; Minchella and 
Loverde, 1981; Polak and Starmer, 1998) and devoting current reproduction to immunity and 
survival (Longshaw et al., 2010; Sanz et al., 2001; Saumier et al., 1986; Schall, 1983) are 
common in infected animals. Interestingly, our results also show both phenomena may even 
coincide in an amphibian population. A majority of individuals traded reducing their infection 
burden and survival against their current reproduction, thus, they were incurred with a 
considerable reproductive cost of the infection, in term of hatching rate of their eggs. On the 
contrary, over 8% of newts (13% of LD and 8% of HD) experienced a considerable increase 
in their infection intensity which resulted in a considerable increase in their hatching success. 
Although based on current experimental setup we are not able to determine the likelihood of 
future survival of these individuals, we argue that these groups might represent individuals 
with low reproductive residual (or survival prospect) which had made a terminal investment 
in the current reproduction. However, the overall impact of Bd infection was devastating as 
larvae of infected parents exhibit a variety of developmental abnormalities (size and 
symmetry of the head and the forelimb) and a dose dependent diminishment of their survival. 
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These results are in agreement with previous studies showing parents trade their immunity 
and survival against quantity and quality of offspring (Ilmonen et al., 2000; Saino et al., 1999; 
Saino et al., 1997; Sanz et al., 2001; Schrag and Rollinson, 1994).  
Whatever the underlying physiological drivers of the trade-off between current 
reproductive success and resistance to Bd, newts are expected to alter their current 
reproductive effort adaptively in order to minimize the negative effects of Bd infection on 
their lifetime reproductive success (Forbes, 1993). If so, advantages of the lifetime 
reproductive success are likely to offset the short-term costs (Ilmonen et al., 2000). The 
benefits of reduced investment in the current reproduction would accrue if it permits a more 
efficient Bd-resistance (Ilmonen et al., 2000). In other words, upon arrival at a Bd infected 
site, newts which get Bd infection will keep their infection under control, produce few 
offspring during the current reproductive event and prevent the total waste of the past year 
investment in gametogenesis. At the same time they also promote the prospects for survival 
and successful future reproduction. Therefore, we would expect that populations of the 
palmate newts evolve an effective resistance to Bd short after the arrival of the infection, and 
breed normally. However, our ability to evaluate the consistency of this hypothesis as well as 
to project the population consequences of Bd induced reproductive costs requires an 
understanding of whether newts acquire immunity against Bd or Bd can evade their immune 
system (Fites et al., 2013) and they will again be incurred by Bd reproductive costs. If newts 
do not evolve a proper level of immunity against Bd, it might be expected that substantial 
reproductive costs and the dramatic decrease in the probability of adult recruitment will be 
accrued during the years and impose a great load to population‟s existence. Under such 
circumstances, newts‟ resistance to Bd may results in evolution and outbreak of more virulent 
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Bd (Anderson et al., 1986). On the other hand, if newts acquire a partial resistance to the 
infection and adopt a resistance/tolerance defensive strategy against Bd, they would possibly 
serve as asymptomatic carriers (Medzhitov et al., 2012). In this case, they may impose huge 
infection loads to susceptible species and drive them to extinction (Dobson, 2004). We argue 
that further studies with careful monitoring of infected populations, particularly, those that are 
under environmental or anthropological pressures, would reveal how Bd infection might 
affect asymptomatic populations.  
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4. Chapter IV           
Environmental drivers of host- Batrachochytrium dendrobatidis 
interaction 
4.1 Synopsis 
The host-pathogen interaction is a constantly changing relationship, the outcome of which 
depends on several host- and pathogen-specific factors. For example, the virulence of 
pathogens change with strain, density, recourse availability and environmental conditions 
(Holt and Pickering, 1985; McCallum, 2005; McCallum and Trauth, 2007; Retallick and 
Miera, 2007). On the other hand, the susceptibility of a host is depend on its age, sex, life 
history, immune defences, immunocompetence and will also differ with environmental 
conditions (Holt and Pickering, 1985; Madigan, 2005; McCallum, 2005). Environment can 
directly and indirectly affect all above mentioned factors, in a way to change the outcome of 
the infection for either host or pathogen. In Bd-amphibians system, prevalence and intensity 
of Bd infection is reported to be linked to a variety of host- and Bd-specific factors such as, 
invasion history, Bd strain, host species, life-stage, body size and year (Brem and Lips, 2008; 
Kriger and Hero, 2007; Murray et al., 2011; Murray et al., 2009; Ouellet et al., 2005; Retallick 
et al., 2004a; Rohr et al., 2008; Rowley and Alford, 2007; Vredenburg et al., 2010). 
Nonetheless, the environmental context in which Bd infection occurs has also a causal role 
and determines the final outcome of the infection. In support, since the discovery of Bd in late 
1990‟s (Berger et al., 1998), in spite of global range of Bd, reports of major outbreaks of fatal 
chytridiomycosis and amphibian declines are almost always came from high altitude and 
mountain regions (Adams et al., 2010; Berger et al., 2004; Drew et al., 2006; Kriger and Hero, 
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2006; Woodhams and Alford, 2005), suggesting environmental conditions of high altitude 
habitats are likely to act in favour of Bd. The higher prevalence and intensity of Bd infections 
at cooler temperatures (Berger et al., 2004; Kriger et al., 2007; Woodhams and Alford, 2005)  
and the thermal optimum of Bd growth which varies between 17-25 ºC (Piotrowski et al., 
2004) have led to the hypothesis that temperature is the key driver of disease outbreak and 
severity (Bosch et al., 2007; Drew et al., 2006). This is supported by several laboratory and 
filed studies which show elevated temperatures help the infected individuals to ameliorate or 
even clear the infection (Andre et al., 2008; Berger et al., 2004; Bosch et al., 2007; Forrest 
and Schlaepfer, 2011; Kriger and Hero, 2007; Retallick and Miera, 2007; Richards-Zawacki, 
2010; Walker et al., 2010). It is reported that lower temperature imposes a transmission-
virulence trade-off to Bd that is, the pathogen produces fewer but more infective zoospores 
(Murray et al., 2013; Woodhams et al., 2008). On the other hand, recent reports show that 
temperature variability of high altitudes (Garner et al., 2011; Rohr and Raffel, 2010) has also 
a negative impact on the resistance of amphibians to Bd through its negative impact on 
temperature dependent immune system of amphibians (Andre et al., 2008; Rollins-Smith et 
al., 2011). However, whether environment variations in the outcome of Bd is due to the direct 
impact of environment on virulence of Bd or it is because of the impact of these parameters on 
ectothermic immune system of amphibians is controversial.  
 In order to investigate the direct and/indirect impacts of the on host and pathogen we 
conducted an experimental study with two samples of aquatic palmate newts, both from naïve 
sites of Pyrenees. On sample was from a lowland site (190 m asl) and the other was from a 
mountain region (1710 m asl). Individuals were brought back to the laboratory and 
experimentally exposed to 10
5
 (low dose) and 10
6
 (high dose) cultured Bd zoospores during 3 
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weeks (lowland: 138 newts; high dose= 60, N low dose = 60, N control= 18 mountain site: 
180 newts; high dose= 60, N low dose = 60, N control=60). We recorded changes in body 
mass and males‟ secondary sexual traits in a 30 days period, as well changes in infection load 
at days 15 and 30 after the first exposure. In addition to test for the impact of Bd dose on the 
intensity of infection and the costs associated with infection, we also investigated whether the 
intensity of these costs varied between individuals originating from different altitudes. To our 
knowledge, this is the first experimental study that examines direct and indirect effects 
of altitude on Bd infection. Moreover, our results provide evidence to criticize the usage of 
Bd prevalence to assess the risk and the outcome of the infection.  
Our findings suggest (i) probability of being infected and the intensity of the infection did 
not significantly differ between palmate newts from naïve populations of high and low 
altitudes and is only a function of the exposure dose; (ii) Mountain individuals were more 
likely to exhibit Bd resistance over the course of the experiment than newts from the lowland 
population. (iii) Newts that were able to clear the infection displayed increased mass loss, 
with lowland individuals suffering higher mass loss than mountain newts for a given amount 
of Bd cleared.  
Our result suggest that the latitudinal, seasonal  and/or environmental variations in the 
prevalence of Bd infection (Kriger and Hero, 2007; Murray et al., 2013; Walker et al., 2010) 
might be more mediated through their impact on the number of zoospores in the environment 
rather than the impact of these parameters on host‟s resistance to Bd. Besides, we argue that 
our results are consistent with the impact of altitude or other environmental factors regulate 
host-Bd interaction by affecting host immunity against Bd, rather than changing the virulence 
of Bd. Therefore, the risk of Bd infection could be dissociated from disease prevalence and 
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exposure rate to the pathogen. We suggest future research should be more careful to utilize Bd 
prevalence as the only indicator of Bd risk for a population. Rather, a realistic investigation of 
the risk of Bd for the host population might be achieved by assessing the immunocompetence 
of the population to Bd.  
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4.2 Investigation of the direct and indirect effects of altitude on the cost of 
Batrachochytrium dendrobatidis infection in a wild amphibian  
 
4.2.1 Introduction 
The chytrid fungus, Batrachochytrium dendrobatidis (Bd), has decimated amphibians 
worldwide, with the majority of fatal chytridiomycosis outbreaks and mass mortalities 
occurring at high altitudes and in mountainous regions (Berger et al., 2004; Lips, 1998; 
Pounds et al., 2006; Stuart et al., 2004). The higher prevalence and intensity of Bd infections 
at cooler temperatures (Berger et al., 2004; Kriger et al., 2007; Woodhams and Alford, 2005)  
and the fact that the thermal optimum of Bd growth varies between 17-25 ºC (Piotrowski et 
al., 2004) has led to the hypothesis that temperature is an important driver of disease outbreak 
and severity (Bosch et al., 2007; Drew et al., 2006). The role of temperature is further 
supported by laboratory experiments, which have shown that amphibians placed at elevated 
temperature experienced less severe clinical symptoms and in some cases, were even able to 
clear Bd infections (Andre et al., 2008; Retallick and Miera, 2007; Richards-Zawacki, 2010). 
The mechanism by which temperature and altitude affect Bd infection, however, remains 
controversial, mostly because it is unclear whether altitude directly influences the pathogen 
(Pounds et al., 2006), or whether amphibian species found at high altitudes are simply more 
susceptible to Bd infection (Lam et al., 2010), for example as result of the detrimental effects 
of UVB radiation on immunity (Blaustein et al., 2005; Walker et al., 2010). 
Bd invades the host epidermis and feeds on various nutrients (e.g., keratin), thus causing 
pathological abnormalities and impairing critical cutaneous functions, such as the 
maintenance of osmotic balance (reviewed in (Voyles et al., 2011). Amphibian species exhibit 
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a range of susceptibility to Bd and hence of severity of their clinical symptoms. In highly 
susceptible species, extreme pathogenesis and impaired bodily functions lead to morbidity 
and mortality that can even result in the extinction of the host population (Schloegel et al., 
2006). On the other hand, other species appear to tolerate and are even clear the infection 
(Davidson et al., 2003; Marquez et al., 2010; Reeder et al., 2012; Rollins-Smith et al., 2009; 
Woodhams et al., 2012). However, resistance does not mean that there are no cost to being 
infected (Bonneaud et al., 2012; Bonneaud et al., 2003; Hornef et al., 2002; Lochmiller and 
Deerenberg, 2000). Consequently, sub-lethal costs of chytridiomycosis have been reported in 
Bd-resistant/tolerant species, such as reduced mass at metamorphosis (Garner et al., 2009), 
shorter adult body size (Burrowes et al., 2007; Kriger et al., 2007), poorer condition (Retallick 
and Miera, 2007), faster termination of breeding season (Cheatsazan et al., 2013) and lower 
foraging efficiency (Venesky et al., 2009; Venesky et al., 2010b). Whether these costs vary 
with altitude/temperature is, however, unknown.  
The Palmate newt, Lissotriton helveticus (Cuadata: Salamandridae; formerly Triturus 
helveticus), is a common amphibian of Western Europe which occupies a steep altitudinal 
gradient from sea level up to 2400 m (asl) (Raffaëlli, 2007). The species has a biphasic life 
style: essentially, they inhabit terrestrial habitats with sufficient moisture and refugia (Secondi 
et al., 2009) (Nöllert and Nöllert, 2003) and during breeding season migrate to aquatic 
habitats for up to few months (Griffiths and Mylotte, 1988). The palmate newt has been found 
in sympatry with Bd-susceptible species in its aquatic habitats and has tested positive for Bd 
infection at several contaminated sites (Imperial Clolledge, 2014; Wood et al., 2009). In a 
recent study, we showed that lowland palmate newts do not display severe clinical symptoms 
and are even able to clear Bd infection, although resistance comes at the cost of reduced body 
89 
 
condition and premature termination of aquatic reproductive phase (Cheatsazan et al., 2013). 
Given the extensive altitudinal range of the species and measurable morphological and 
behavioural correlates of costs associated with Bd infection, the palmate newt provides an 
ideal model to test the effects of altitude on Bd infection in a resistant amphibian.  
To investigate the effect of altitude on the response to Bd infection in palmate newts, we 
captured individuals from one low altitude and one high altitude Bd-free site in the Pyrenees 
(190m and 1710m above sea level, respectively) during their breeding aquatic phase. 
Individuals were brought back to the laboratory and housed under identical conditions. 
Individuals were then randomly assigned to 3 groups: sham-exposed controls, experimentally 
infected through exposure with a low dose of Bd or experimentally infected through exposure 
to a high dose of Bd (lowland: N high dose= 60 , N low dose= 60 , Ncontrol= 18; mountain: N high dose= 
60, N low dose= 60, Ncontrol=60). Exposure was repeated on days 0, 8, 15 and 22 after the start of 
the experiment. We recorded changes in pathogen load and body mass over time. First, we 
tested whether the intensity of the costs associated with infection differed as a function of the 
dose of Bd. If so, we would expect newts exposed to high doses of Bd to exhibit a greater 
reduction in body mass than those exposed to lower doses of Bd. Second, we investigated 
whether the intensity of these costs varied between individuals originating from different 
altitudes. If altitude indirectly influences Bd infections via effects on the susceptibility of 
individuals to Bd, for example due their ability to mount effective immune responses, then 
high altitude newts should display higher costs of infection than low altitude ones. 
Conversely, if altitude impacts Bd infections via direct effects on the pathogen, then we 
should not detect any differences between newts based on their population of origin.  
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4.2.2 Materials and Methods 
In the spring 2011, sexually-active newts in aquatic life stage were captured at two sites in 
the Haute Garonne (France): (1) in a narrow stream on border of the Bouconne forest (43º 39‟ 
N and 1º 14‟ W, 190 m altitude; hereafter lowland site), and (2) in the Étang de Bouvète (42º 
54‟ N and 0º 46‟ W, 1710 m altitude; hereafter mountain site), a permanent lake with an area 
of approximately 1.4 hectare. Both populations have been reported as Bd-free since our initial 
screenings in 2009 and 2010. Animals were captured with permission from the prefecture of 
Haute Garonne (Permission No. 2009-12). Animal housing facility and experiments comply 
with the regulations of the housing organization (CNRS: National centre for scientific 
research) and current regulations of France.   
Newts were brought back to the laboratory where they were randomly paired (one male 
and one female) and transferred into plastic tanks (205× 205×140mm). Each tank contained 
1.0 liter of aged tap water and a hollow brick for shelter. We randomly assigned tanks to one 
of 3 treatment groups: controls (C) (lowland: N males = 9, N females = 9; mountain: N males = 30, 
N females = 30), low dose (LD) Bd-exposed (~10
5 
zoospores x L
-1
 x week
-1
) (lowland: 
Nmales=33, Nfemales=33; mountain: Nmales=30, Nfemales=30), and high dose (HD) Bd-exposed 
(~10
6
 zoospores x L
-1
 x week
-1
) (lowland: N males=33, N females=33; mountain: N males=30, N 
females=30). Newts were provided with live midge larvae (blood worms), Daphnia and/or 
Tubifex every one-two days. Room temperature was maintained at 19.1 ± 1.5 °C and light 
exposure was adjusted weekly to equal the average day length of the first and the last days of 
the focal week (approximately 14 h light: 10h dark). Water was changed weekly prior to 
inoculations and once 36-40 hours after inoculations. We measured body mass using a digital 
scale (±0.01 g) on day 0 and 30 and snout-vent length (SVL) on day 0 and 30.  
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Bd cultures were prepared from a Bd extract of an infected tadpole from an introduced 
population of American bullfrog (Lithobates catesbeianus) in southern France (for extraction 
protocol see (Longcore, 2000) and for further details see (Cheatsazan et al., 2013). Prior to 
inoculations, 4 samples of 1 ml were taken from the sixth passage flasks. The number of 
motile zoospores in each sample was counted by haemocytometer and cultures were diluted 
with sterile medium to the desired concentrations. Control newts were treated with Bd-free 
autoclaved medium. All individuals were exposed once a week over four weeks on days 0, 8, 
15 and 22.The experiment was stopped at day 30 when half of the individuals had entered or 
were entering t-phase. Infection was verified by quantitative amplification of Bd-DNA from 
swabs obtained on days 0, 15 and 30 after inoculation (Cheatsazan et al., 2013). Quantitative 
PCRs were conducted as described in (Boyle et al., 2004), and after applying the changes 
proposed by Kriger et al. and Hyatt et al. (Bielby et al., 2009; Kriger et al., 2006b; Walker et 
al., 2007) in a final volume of reactions to 10 µl (Mastercycler ep realplex4, Eppendorf). 
Results are presented in Bd Genome Equivalent (BdGE) per swab. In addition to standard 
duplicates and negative controls, we also utilized internal positive control reagent in all 
samples (TaqMan® Exogenous Internal Positive Control) to discriminate false negative 
detection from PCR reaction inhibition.  
Statistical analyses- All statistical analyses were performed in R statistical package 
(version 2.15.2). In order to avoid impacts of over-dispersion of molecular data on statistical 
analyses, Bd loads were natural logarithm transformed. Changes in the probability of being 
infected over the experimental course were analysed by fitting whether or not and individual 
was infected (infected=1, uninfected=0) as the response term in a generalized linear mixed-
effects model (GLMM) with a binomial error structure and logit link function (library 
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“lme4”). Log transformed Bd loads of day 15 were fitted as the response term to a GLMM 
with normal error structure and identity link function. To analyse probability of clearance of 
the infection, we fitted whether (1) or not (0) individuals were able to clear their infection by 
day 30 of the experiment as the response term to a GLMM with a binary error structure and 
logit link function. After removal of individuals that cleared the infection, we analysed 
proportional changes in the infection load by fitting proportional changes in log transformed 
Bd load to a GLMM with a normal error structure and identity link function. In all models, 
population and treatment (high and low dose) were fitted as fixed factors, sex, body size 
(SVL) and mass at experimental onset were fitted as covariates. To account for repeated 
sampling of individuals or tank, tank identity was fitted as a random term in all models; tank 
identity did not have a significant effect in any of the models. Survival (0 or 1) was analysed 
by fitting individual‟s survival during the experiment as the response term in a binary error 
structured GLMM with logit link function.  
Population differences in body mass and SVL at the start of the experiment were 
investigated using t-tests. The impact of Bd on body condition was investigated by two 
models. First, we fitted the proportion of mass change between day 15 and 30 as the 
response term to GLMM with a normal model structure, while population and treatment 
were fitted as the primary fixed terms. SVL, initial mass and sex were fitted as covariates 
and tank identity was fitted as the random term. Second, we analysed the effect of Bd 
infection on proportional changes in mass by adding load change to the former covariates 
and omitting controls form the model input.  
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4.2.3 Results 
Infection loads and survival - About 98% of Bd-exposed individuals (99% of lowland 
and 98% of mountain individuals) were found to be infected at day 15. There was no effect of 
population (GLMM, χ2 = 0.002, df = 1, p = 0.988), sex (χ2 = 0.09, df = 1, p = 0.763), initial 
body mass (χ2 = 0.08, df =1, 329, p = 0.774), or SVL (χ2 = 0.7, df =1, 329, p = 0.762) on the 
probability of infection. Infection load did not differ among the populations (lowland 299.2 ± 
75.6 vs. mountain 137.2 ± 60.1 BdGE per swab; GLMM: χ2 = 2.31, df = 1, p = 0.128) or sexes 
(χ2 = 0.21, df = 1, p = 0.780).  Bd burden of high-dosed newts was, however, 30% higher than 
that of low-dose individuals (χ2 = 11.15, df = 1, p < 0.001) (Figure 4-1a). Two out of 4 Bd-
exposed individuals that were not initially found to be infected at day 15 had become infected 
by day 30. Conversely, 79% of Bd-exposed individuals that had been found to be infected by 
day 15 could clear or effectively reduce their infection load by day 30, suggesting that they 
were clearing their infection. There was no effect of sex (χ2 = 1.72, df = 1, p = 0.190), Bd dose 
(χ2 = 0.55, df = 1, p = 0.457), or SVL (χ2 = 0.15, df =1, 329, p = 0.697) on the probability of 
clearing the infection. Initially heavier individuals were, however, more likely to clear their 
infection (effect size = 1.27, S. E. = 0.63, t = 2.00, p = 0.046). The difference in the 
probability of clearing the infection between the two populations was not great enough to 
generate a statistically significant effect (16% of lowland vs. 30% of mountain; χ2 = 0.04, df 
=1, p = 0.846); low-dose mountain newts were, however, most likely to clear their infection 
(population*Bd dose; effect size = 1.91, S. E. = 0.84, t = 2.59, p = 0.024). Contrastingly, 21% 
of Bd-exposed newts were not able to prevent disease progression and experienced a 1% - 
312% increase in Bd load. There was no effect of initial mass on the probability of 
experiencing an increase in Bd load over the course of the experiment (χ2 = 0.001, df =1,198, 
p = 0.936). Shorter newts were more likely to display increased Bd load between days 15 and 
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30 (effect size = 0.23, S. E. = 0.09, t = 2.512, p = 0.012) and this increase was more frequent 
among lowland sample than mountain newts (33% vs. 11%; GLMM, χ2 = 10.93, df =1, p < 
0.001), but independent of either sex (χ2 = 1.46, df =1, p = 0.284) or the dose of Bd they were 
exposed to (χ2 = 0.56, df =1, p = 0.476). 
There was no significant difference in the survival of Bd-exposed individuals and controls 
(91% vs.97%) (χ2 = 3.70, df =1, p = 0.157). The proportion of mass change (χ2 = 0.11, df 
=1,328, p = 0.746) and SVL (χ2 = 0.35, df =1,328, p = 0.553) did not differ between newts 
that died or survived newts. In addition, there was no difference in likelihood of surviving to 
30 days between lowland and mountain newts (χ2 = 0.13, df =1, p = 0.720; Figure 4-2) or 
between sexes (χ2 = 0.02, df =1, p = 0.887).  
Changes in condition- At the time of capture, lowland newts of both sexes were 
significantly shorter and lighter than mountain newts (SVL: t-test, t316=24.3, p<0.001; Mass, 
t316=21.2, p<0.001). In the lowland site, females were 9% larger than males (mean ±S.D: 
females 35.7±2.6 mm vs. males 32.6±1.4 mm, t-test: t136=8.4, p<0.001) and were 3% heavier 
(females 1.0±0.18 g vs. males 0.97±0.19 g, t-test: t136=0.9, p=0.370). In the mountain site, 
females were 10% larger (mean ± S.D.: females 44.0±2.6 mm vs. males 40.0±2.2 mm, t-test: 
t178=11.0, p<0.001) 55% heavier than males (2.17±0.29 g vs. males 1.40±0.22 g, t-test: 
t178=20.1, p<0.001). Individuals that were larger and lighter at the start of the experiment lost 
a greater proportion of their mass over the 30-day experiment (GLMM: SVL, χ2 = 11.463, df 
=1,311, p < 0.001; mass χ2 = 19.26, df = 1,311, p < 0.001). Overall, newts of the mountain 
population lost over 14% mass than lowland counterparts (χ2 = 43.09, df =1, p < 0.001). 
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Figure 4-1- Pathogen load over the course of the experiment.   
Mean ± S. E. Log transformed Bd load in lowland and mountain newts. Overall, mountain 
newts were found to be more likely to reduce their infection load during the course of the 
experiment. 
 
 
Figure 4-2- Survival of newts over the course of the experiment.  
We found no evidence of clinical symptoms of fatal chytridiomycosis or Bd induced reduction in 
survival of newts. 
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In addition, when incorporating all individuals, we found that Bd-exposed newts were 
likely to lose over 10% more mass than controls (χ2 = 11.22, df =2, p = 0.004; Figure 4-3a). 
Having demonstrated the difference among the two populations and the impact of the 
infection, we sought to investigate the condition costs of Bd infection for infected newts and 
its relationship with Bd infection intensity and host‟s response to the infection. Thus, we 
removed controls from the model and repeated our analysis with Bd-exposed groups of the 
two populations. We found that among Bd-exposed newts,  individuals that were lighter at 
experimental onset and those that experienced a decrease in Bd load during the course of 
experiment, both lost more mass (GLMM; mass χ2 = 6.63, df =248, p < 0.001; change in Bd 
load, χ2 = 4.73, df =248, p = 0.030). There was no effect of either sex (χ2 = 0.02, df =1, p = 
0.886) or Bd dose (χ2 = 0.007, df =1, p = 0.934) on the mass loss of Bd-treated individuals, 
but there was a marginal effect of SVL (χ2 = 3.11, df =148, p = 0.078), with longer 
individuals loosing less mass than shorter ones.  After controlling for SVL, initial mass and 
changes in Bd load, the average mass loss of individuals who could reduce their infection load 
was found to be 20% more in the lowland newts (mean changes of mass ± S.E: - 29% in 
lowland vs. – 9% in mountain newts; χ2 = 39.81, df =1, p < 0.001; Figure 4-3b). In other 
words, clearing one BdGE was on average 0.2% more costly for lowland newts rather than 
their mountain counterpart.  
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(a) Exposure to Bd caused an increased loss of body mass in both populations but the 
mass loss was greater in the lowland sample. Error bars represent mean ± S. E. per cent total 
mass change during the course of the experiment. (b) Costs of reduction of Bd load were 
different among the two populations. Plot shows proportion of mass lost vs. changes in log 
transformed Bd loads. Higher changes in Bd load were associated with higher mass loss in 
both populations but the mass cost was lower in the mountain population. The line represents 
GLM linear predictor for the mass cost of declining Bd load and shade shows ± S.E. of the 
linear predictor. 
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4.2.4 Discussion 
Our results show that the probability of contracting Bd and Bd loads after experimental 
infection did not significantly differ between palmate newts from uninfected populations of 
high and low altitudes. Mountain newts were more likely to decrease their Bd load over the 
course of the experiment than newts from the lowland population. While Bd-exposed 
individuals did not show any notable signs of severe chytridiomycosis (Voyles et al., 2009), 
they lost a significantly greater proportion of their body mass than controls. Infected 
individuals that displayed the greatest reductions in Bd load also lost the most mass, with 
individuals of poorer conditions initially (i.e., smaller SVL and lower body mass) losing 
larger proportions of their mass by the end of the experiment. Newts that were able to 
decrease or clear the infection displayed increased mass loss, with lowland individuals 
suffering higher mass loss than mountain newts for a given amount of Bd cleared.  
Although the population of origin did not explain differences in Bd load 15 days post-
experimental exposure, newts from the high altitude population were significantly more likely 
to decrease or clear the infection than individuals from the low altitude sites. There was also 
an impact of Bd dose on the likelihood of newts clearing their infection with newts of low 
dose treatment were most likely to clear their infection over the course of the study. This 
suggests two processes. First, the prevalence of Bd is likely to depend on the numbers of 
zoospores present in the environment (i.e., exposure rate) rather than on the ability of hosts to 
resist Bd infection. Second, the levels of resistance of the hosts and the infection loads may 
vary not only as a function of differences in body condition at the time of exposure, but also 
as a function of the population of origin. This is in agreement with studies that implicate the 
higher number of zoospores in the environment in the prevalence of the infection among 
amphibian populations (Rödder et al., 2008). Importantly, our findings suggest that the 
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latitudinal, seasonal  and/or environmental variations in the prevalence of Bd infection (Kriger 
and Hero, 2007; Murray et al., 2013; Walker et al., 2010) might be mediated more through 
their impact on the number of zoospores in the environment rather than the impact of these 
parameters on host‟s resistance to Bd. Furthermore, condition- and population-dependent 
resistance to Bd infection does not agree with studies that exclude host-and pathogen specific 
related factors from driving factors of divergent populations‟ response to Bd (Doddington et 
al., 2013). However, our findings contribute to the growing body of evidence showing an 
interaction between environmental and host- specific (species, population, age etc.) 
parameters in determining the outcome of Bd infection for host population (Farrer et al., 2011; 
Fisher et al., 2009a; Murray et al., 2011; Terrell et al., 2013; Walker et al., 2010).  
We found no evidence to suggest that low altitude newts were more resistant to Bd 
compared to their high altitude counterparts. In effect, under identical experimental 
conditions, lowland newts were less likely to reduce their infection intensity, and incurred a 
considerably higher cost of resistance to Bd (i.e. clearing Bd) than mountain newts. Contrary 
to our prediction and former studies in larval anurans (Garner et al., 2009) that report sub-
lethal costs of Bd had increased with exposure dose, the cost of the infection in palmate newts 
(i.e. condition cost and the infection intensity) did not increase by exposure dose and was 
notably higher in the lowland population. Although investigating one population from each 
altitude may confound our ability to firmly attribute these differences to altitude, we argue our 
results are not inconsistent with the idea that altitude has an indirect impact on the outcome of 
Bd infection for the host. In other words, altitude or other environmental parameters indirectly 
exert their influence on hosts‟ ability to cope with detrimental consequences of Bd infection 
through their context-dependent impacts on host resistance to Bd. Hence, the risk of 
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chytridiomycosis for a palmate newt population can be dissociated from number of infected 
individuals of the population (i.e. Bd prevalence). Rather, the final outcome of Bd infection 
(resistance vs. progressive infection) is only mediated by host-specific factors (body size and 
condition) which their impact might not necessarily change by altitudinal origin of the host, as 
the condition costs of infection were considerably higher in lowland newts. These findings 
agree with large scale regional studies of Bd risk for Iberian populations of the midwife toad, 
Alytes obstetricans. In this research, Walker et al. (Walker et al., 2010) showed despite the 
association of fatal outbreaks of chytridiomycosis with higher altitudes, certain spatial 
heterogeneities does exist in the occurrence of Bd infection along Bd-suitable habitats. They 
also found that Bd-induced mortality may vary interannually in some of the infected sites with 
steady highly prevalent Bd infection. As they proposed, context-dependent host immunity to 
Bd seems to be a satisfactory explanation for the spatial and interannual heterogeneities in the 
outcome of the infection for different populations of the midwife toad, and our experimental 
evidence of context-dependent variation in the costs of Bd infection for the palmate newt. 
The direct impact of the environmental drivers on infectious diseases is well explored 
(Clements et al., 2007; Liang et al., 2007; Rogers et al., 2002) and is often influence the 
prevalence of the pathogen among host population (Altizer et al., 2006; Walker et al., 2010). 
Nonetheless, when the consequences of infection are dependent more on the host‟s aptitude 
for resistance against an infection, indirect impact of the environment on pathogenicity rather 
than prevalence may determine the risk of the infection for the host population (Walker et al., 
2010). We provided experimental evidence showing the cost of the infection with Bd, the 
increase in the intensity of the infection and the final outcome of Bd infection in palmate 
newts are dissociated from the prevalence and exposure rate to the pathogen.  Therefore, we 
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suggest that the higher likelihood of fatal outbreak of chytridiomycosis in high altitude 
habitats, at least in palmate newts system, is more likely to be because of the impacts of 
environmental drivers (i.e. temperature variability (Rohr and Raffel, 2010) and/or climate 
change (Bosch et al., 2007)) on amphibians‟ immunity against Bd, rather than the 
environmental suitability for Bd. However, from conservational point of view, the most 
important result of our study is the consistent evidence of dissociation of the infection 
outcome from prevalence and exposure rate. We urge future researches are careful to utilize 
infection prevalence as the only gauge of susceptibility to the infection, and attempt to 
measure host immunocompetence against Bd, before concluding that low prevalence of Bd 
infection has negligible outcomes for host‟s populations. We also suggest development of 
models of environmental drivers of amphibians‟ immunity against Bd to be added to the 
current risk assessment protocols in order to improve the effectiveness of Bd mitigating 
approaches.     
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5. Chapter V                                  
Host resistance against Batrachochytrium dendrobatidis: do asymptomatic 
amphibians become resistant against Bd?  
5.1 Synopsis 
It is well established that host interaction with pathogen exerts a strong selective pressure 
on the host population, often leading to selection for resistant host genotypes (Duffy and 
Sivars‐Becker, 2007; Duncan and Little, 2007) and rapid evolution of resistance in the host 
populations (e.g. Woodworth et al., 2005). In addition to the natural variations among host 
populations (see Chapter IV), host resistance may differ between populations exposed and 
unexposed to pathogens (naïve) (Anderson et al., 1986; Bryan-Walker et al., 2007; Kalbe and 
Kurtz, 2006). However, whether amphibian populations are capable of acquiring resistance to 
Bd is controversial. A recent study showed that Bd evades amphibian‟s lymphocyte response 
(Fites et al., 2013) and long-term monitoring of some amphibian populations shows they are 
declining due to the impact of Bd without experiencing mass mortality (Phillott et al., 2013). 
On the other hand, other studies show populations of highly susceptible species continue to 
grow in presence of Bd (Tobler et al., 2012). Nonetheless, very little is known about 
consequences and the response of resistant hosts‟ populations after Bd had already wiped out 
susceptible hosts and has been established in their habitat.  
In previous parts of this thesis we showed that Bd-naïve populations of the palmate newt 
are able to resist to considerably high doses of Bd in their environment (up to 10
6
 Bd 
zoospores per litre). Although all Bd-naïve newts became infected after exposure to Bd 
zoospores, we found that these newts were able to clear their infection in a short while during 
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their aquatic breeding season. However, their ability to clear the infection was associated with 
an increased condition loss, decreased reproductive success and changes in their reproductive 
behaviour. As all investigated populations were Bd-naïve, our ability to project our results on 
the palmate newt populations with Bd exposure history was depended on investigating the 
response of such individuals to the infection. In this chapter, we investigate Bd infection 
patterns, Bd-resistance and condition cost of the infection in a population with a recent Bd 
outbreak. We captured newts from a Pyrenean population of the palmate newt that had 
experienced the outbreak of Bd infection until 3 years prior to our study. Upon arrival at the 
lab, newts were divided in three experimental groups. Newts of the first group were 
individually assigned to experimental tanks and their morphological traits and infection status 
was followed until 80 days post-capture. In addition to investigation of the prevalence and sex 
specific patterns of Bd infection in this population, we also tested for newts‟ ability to be rid 
of naturally acquired Bd infection by following infection intensity from early aquatic breeding 
season until four weeks after newts transitioned to terrestrial phase. We also evaluated 
resistance of newts to Bd by exposing them to infected conspecific newts with very low Bd 
infection intensity (just above q-PCR detection threshold, 1 BdGE per Swab) and infected 
tadpoles of the midwife toad, Alytes obstetricans, from two high altitude sites of Pyrenees 
which were suffering from heavy infection loads (on average 289 times greater than newts 
with naturally acquired infection) and manifested fatal symptoms of chytridiomycosis during 
or after our study.  
Our study revealed in 2010 the prevalence of Bd in this population had decreased over 
70% in in comparison to the samples of 2007 (Global Bd mapping project, www.Bd-maps.net, 
(Imperial Clolledge, 2014) when mortality of other amphibian species had been reported from 
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this site. The prevalence and infection loads showed a marginal sex dependent pattern with 
females were more likely to be infected by the end of aquatic phase. We find little evidence to 
suggest newts were immune to Bd infection. In contrast to Bd-naïve samples, the frequency of 
newts clearing their infection burden was considerably lower in this population (79-90% in 
naïve newts vs. 4% in naturally infected newts). In addition, newts with a Bd invasion history 
maintained a very low infection burden, just close to our detection threshold even a month 
after they left the water and transmitted to their non-breeding terrestrial phase. Nonetheless, 
similar to their Bd-naïve counterparts, their infection burden was consistently constant and did 
not result in manifestation of clinical symptoms of Bd infection and Bd induced mortality. 
Importantly, by contrast to Bd-naïve populations, Bd infection did not incur a condition cost 
to the individuals of this population. Although probability of newts being infected appeared to 
be dose dependent (higher infection probability after exposure to heavily infected tadpoles), 
the intensity of the infection was only marginally different between newts that have been 
exposed to lightly infected conspecifics and those that have been exposed to tadpoles with 
about 289 times more intense infections, suggesting that newts are actively preventing the 
establishment of Bd in their skin after reaching a certain threshold.  
It is established that a host can protect itself against an infectious pathological threat by 
adopting two different strategies to increase its health and minimize the fitness costs of the 
pathogen (Ayres and Schneider, 2008; Schmid-Hempel, 2011). The first is to reduce the 
fitness of the pathogen, which subsequently reduces the number of pathogens attacking the 
host. The second is to limit the fitness (health) costs to the host (Ayres and Schneider, 2008; 
Schmid-Hempel, 2011). The sum of both these mechanisms defines an individual host‟s 
defensive capabilities (Ayres and Schneider, 2008). In the plant ecology and host-pathogen 
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communities, these two mechanisms are defined as resistance and tolerance (see (Schmid-
Hempel, 2011) for historical review). Resistance to pathogens, though obviously 
advantageous, can also involve costs (Moret and Schmid-Hempel, 2000; Sheldon and 
Verhulst, 1996). Costs arise because investment in defence against pathogen diverts energy 
and resources from other functions, such as growth, reproduction and/or somatic maintenance 
(Schmid-Hempel, 2003; Sheldon and Verhulst, 1996). Therefore, hosts with sufficient 
defensive capability often exhibit a balance between resistance and tolerance to pathogens 
(for review see Medzhitov et al., 2012). Our study revealed that Bd-infection patterns and host 
response to Bd infection are different between populations with a Bd invasion history and Bd-
naïve populations. Our results suggest that the newts with a Bd invasion history are able to 
minimize sub-lethal costs of the infection by maintaining their infection intensity under a 
certain threshold and minimizing health (fitness) costs associated with such low infection 
intensity.  
To our knowledge, this is the first experimental evidence showing a newt population 
with primed immunity has developed Bd-tolerance and is able to minimize sub-lethal 
costs of the infection by combining their resistance-tolerance capabilities. These results 
have implications about the ecology, risk mitigation and evolution of an emerging pathogen 
with devastating impacts on biodiversity. In the following parts of this chapter we will further 
discuss the contribution of our study to some of these fields. In addition, we propose that 
palmate newt can serve as a Bd reservoir which may impose huge infection load to susceptible 
species and drive them to extinction (Ayres and Schneider, 2008). 
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5.2 Host response to Batrachochytrium dendrobatidis in a population with recent 
pathogen exposure history 
 
5.2.1 Introduction 
At present, emerging infectious diseases are among the most important threats to the 
global biodiversity (Kilpatrick et al., 2010). Emergence of novel pathogens has been 
associated with population declines and local extinctions in a variety of wildlife taxa (Fisher 
et al., 2009b; Kilpatrick et al., 2010), resulting in serious concerns about the future of the 
global biodiversity (Mendelson et al., 2006). Understanding drivers and mechanisms of host 
defence against novel pathogens, therefore, is not only a necessary piece of knowledge 
towards understanding the outcome of infectious diseases for the host population but, will 
also have important implications for the pathogen ecology (epidemiology) and understanding 
the host-pathogen interaction in wildlife (Boots et al., 2009) that has been mostly neglected 
during the past century (Daszak et al., 2000). It is also likely to result in a better 
understanding of the real causes of pathology, enhancement of therapeutic approaches 
(Råberg et al., 2009) and amelioration of conservation plans. Among emerging pathogens of 
wildlife, the amphibian‟s chytrid fungus, Batrachochytrium dendrobatidis (Bd), the causative 
agent of panzootic amphibian disease, chytridiomycosis (Berger et al., 1998) is known as the 
largest infectious disease threat to biodiversity (Kilpatrick et al., 2010) that induce morbidity 
and mortality in many species of amphibians around the world (Bielby et al., 2008; Skerratt et 
al., 2007; Stuart et al., 2004). Despite to the global impact of Bd and the growing amount of 
investigations to uncover mechanisms and drivers of Bd induced population declines, 
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evidences showing how populations of asymptomatic hosts cope with sub-lethal costs of Bd 
infection (see chapter II, III and IV of this thesis for the examples) are lacking.   
Current evidence suggest that costs and the outcome of the infection may differ among 
unexposed (pathogen-naïve) and exposed populations, for example, due to increase in 
resistance of individuals with their immunity primed to the pathogen (Anderson et al., 1986; 
Bryan-Walker et al., 2007; Kalbe and Kurtz, 2006) that consequently, can affect pathogen‟s 
and/or host population dynamics (Tidbury et al., 2012). However, whether exposure to Bd is 
of any advantage for the host population seems to be highly context-dependent and host 
species-specific. In support, some studies show populations of highly susceptible species, 
such as the midwife toad Alytes obstetricans, continue to grow after establishment of Bd in 
their habitat (Tobler et al., 2012) but in a close relative species, Alytes muletensis,  the final 
outcome of the infection follows a context-dependent pattern and varies for different 
populations of different habitats (Doddington et al., 2013). Furthermore, in some Australian 
frogs, after host-pathogen co-existence for multiple host generations over almost two decades, 
Bd is still causing host mortality and population decline even in the absence of mass die-offs 
in the host population (Murray et al., 2009; Phillott et al., 2013). In contrast, Woodham et al. 
(Woodhams et al., 2012) report that European frog species of populations with Bd invasion 
history tolerate Bd infection without being incurred by Bd induced condition cost or reduced 
survival due to their infection with Bd. As a consequence, understanding the final outcome of 
emergence and establishment of Bd for a given amphibian species seems to only be 
achievable by careful investigation of the costs and the response of both Bd-naïve and 
exposed populations.  
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The palmate newt, Lissotriton helveticus, is a European amphibian which occurs on an 
extensive range in Western Europe (Raffaëlli, 2007). The species essentially inhabits humid 
terrestrial habitats (terrestrial phase) but, during breeding season newts migrate towards 
shallow aquatic habitats (aquatic phase) (Nöllert and Nöllert, 2003; Secondi et al., 2009). 
Notwithstanding the physiological disruption of the skin function (Wardziak et al., 2013), the 
species is known to be resistant to Bd infection and is able to clear even considerable loads of 
Bd infection (Cheatsazan et al., 2013). We recently have shown among unexposed (naïve) 
populations, Bd infection incurs a significant mass loss compared with control newts, and 
newts removing highest amounts of Bd infection lose the most mass (Cheatsazan et al., 2013). 
In another study (chapter III), we showed that condition costs of resistance against Bd in naïve 
palmate newts are in fact compensated by a dramatic decrease in current reproductive success 
and up to 50% decrease in recruitment of offspring. Despite the devastating impact of Bd 
infection for naïve newts, our ability to project these costs on newt populations was limited 
because it was not clear whether newts with a Bd invasion history are incurred with similar 
costs or they are likely to acquire Bd resistance/tolerance and are able to minimize sub-lethal 
costs of the infection after the pathogen is established in their habitat.   
In order to investigate sub-lethal costs of the infection and susceptibility of newts with Bd 
invasion history, we captured palmate newts from a population that were experiencing an 
outbreak of Bd infection until 3 years prior to our study. Given the recent (<10 years) 
introduction of Bd to Pyrenees (Fisher et al. 2009; Walker et al. 2010), we could assume that 
this population has a recent infection history. After monitoring the infection status of newts, 
we first investigated prevalence and sex specific patterns of Bd infection. Second we tested 
for newts‟ ability to be rid of naturally acquired Bd infection by following infection intensity 
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from early aquatic breeding season until four-five weeks after newts transitioned to terrestrial 
phase (day 80 after capture). We also investigated condition by comparing changes in mass of 
infected and uninfected newts during their aquatic phase. Given the considerable condition 
and reproductive costs of Bd infection for naïve individuals of this species (chapter II, III and 
IV) and the fact that palmate newt populations did not experience population declines as a 
direct cause of Bd (Cheatsazan et al., 2013), we predicted that populations with their 
immunity primed to Bd, might have developed a mechanism to minimize the costs associated 
with resistance against Bd. Thus, we expected that condition costs of the infection should be 
lower for individuals of this population. We also tested newts‟ response to exposure to 
different doses of Bd in the environment (low- and high-Bd doses) by exposing them to 
amphibians with naturally acquired infections. The first group were exposed to 1-2 infected 
individuals of the same population which were only lightly infected for almost 6 weeks. The 
second group was kept together with four heavily infected midwife toad, Alytes obstetricans, 
tadpoles for four weeks. Tadpoles were from two high altitude sites of Pyrenees which, at 
time of our study, were experiencing an outbreak of fatal chytridiomycosis and mass die-offs 
of midwife toad‟s postmetamorphics. We predicted that if newts with a Bd invasion history 
have acquired immunity against Bd they would be more likely to prevent or postpone 
establishment of Bd and infection independent of exposure rate but, if newts tolerate Bd 
infection, they would become infected and maintain a low infection (“harmless”) load which 
is independent of exposure rate.  On the other hand, if newts did not acquire resistance against 
Bd, similar to unexposed populations, over 90% of newts should become infected shortly (1-2 
weeks) after exposure to infected individuals and the infection load should be higher among 
individuals that have been exposed to tadpoles.   
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5.2.2 Materials and Methods 
In mid June 2010, newts in aquatic life stage were captured in Puits d‟Arious, on the 
South-western border of Pyrenees National Park (42º 51‟ N and 0º37‟ W, altitude: 1922m), 
Pyrenees Atlantique, France. This is a permanent lake with an area of approximately 0.3 
hectare in the dry season. According to global Bd mapping project‟s database (www.Bd-
maps.net), see Olson et al., 2013 for details) and our previous surveillances, in 2007 the site 
was experiencing an outbreak of chytridiomycosis. At that time, 98% of midwife toads (Alytes 
obstetricans), 82% of the common salamanders (Slamandra salamandra), 100% of the 
palmate newts (Lissotriton helveticus) and the only captured common toad (Bufo bufo) 
specimen were infected with Bd. In June 2010, no midwife toad tadpoles was observed in the 
lake, but few egg patches of common toad, larvae of the common salamander and aquatic 
adults of the palmate newt were found in the lake. By mid-July, few larvae of the common 
toad and larvae of the common salamander‟s larvae were observed in the lake while palmate 
newts were still breeding in the lake. We caught 63 females and 41 males in mid- June 
(hereafter the first sample) and 37 females and 31 males in mid-July (hereafter the second 
sample). Tadpoles of midwife toad (Alytes obstericans) were caught at two localities. Lac 
Madamet that is located at 42° 52' N, 0° 8' E, at altitude of about 2300 m asl and Lac Gourg 
de Rabat that lies at high altitudes of Pyrenees (42°51' N, 0° 8' E at altitude of 2400 m asl). At 
time of capture, both sites were highly infected and mass die-offs of postmetamorphic 
midwife toad had been observed since the year before sampling. These sites were sampled at 
July 2010 and 35 tadpoles were caught from each lake.  
Animal capture was conducted with permission of the administration of Pyrenees National 
Park. Animals were brought back to the laboratory at the Station d‟Ecologie Experimentale du 
CNRS in Moulis, Ariege, France, where they were maintained until we confidently 
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determined their infectious status by regular swabbing (see below). Every two days, newts 
were fed with live midge larvae (blood worms) or Daphnia and tadpole received JBL NOVO 
FECT tablets (Cat. No 3024800, JBL, Germany) as food. Room temperature was maintained 
at 19.5±1.07°C throughout the experiment. Light exposure 14:10 (light: dark).  Animal 
housing facility and experiments comply with the regulations of the housing organization 
(CNRS: National centre for scientific research) and the current rules of France.   
Infection was detected by quantitative amplification of Bd-DNA content of swab samples 
taken from individuals of interest (see below). Swabbing and Quantitative PCR‟s were 
conducted as described in Cheatsazan et al. 2013 (Cheatsazan et al., 2013).Throughout this 
paper, results of all quantifications are presented in Bd Genome Equivalent (BdGE) per swab. 
Individuals with at least one positive result among swab samples of the first 15 days after 
capture have been considered as being infected at time of capture and newts which were first 
tested to be infected after this point were considered to be infected during the course of the 
experiment.  
Infection patterns, condition cost and survival - Upon arrival, newts of the first sample 
were individually transferred into plastic tanks (205× 205×140mm) containing 1.0 litre of 
aged tap water and a piece of hollow brick for shelter. These newts were monitored for the 
infection by swabbing upon arrival and on days 14, 28, 50 and 80. We recorded body mass 
using a digital scale (±0.01 g) and snot-vent length (SVL) by use of digital calliper (±0.05 
mm) on days 0 and 40 post-capture.   
Considering to sexual size dimorphism of newts (see results) we fitted SVL as response 
term to a general linear model with sex as the factor of interest and ln transformed mass as 
covariate. Predicted values of this model were used as covariate (hereafter corrected SVL) in 
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other of statistical analyses. Prevalence of the infection at experimental onset was analysed by 
fitting whether (1) or not (0) a newt was infected upon arrival at the lab as a response term in 
generalized linear model (GLM) with a binomial error structure and logit link function. In 
addition, to analyse changes of infection loads at time of capture we fitted Ln transformed Bd 
loads as the response term to a GLM with quasi error structure (to prevent zero inflation of the 
model) and identity link function. In both models, sex and time of capture (June/July) and 
their interaction were fitted as fixed factors while corrected SVL was fitted as covariate. 
Changes of infection status throughout the course of the experiment were analysed by fitting 
infected/uninfected (1/0) as the response term to a generalized linear mixed-effects model 
(GLMM) with a binomial error structure and logit link function. By contrast, changes in 
infection intensity were investigated by fitting Bd loads on the given days as the response 
term to a GLMM with a normal error structure and identity link function. In both models, 
individual subjects‟ codes (ID‟s) nested within time of swabbing were fitted as random term 
to account for repeated sampling while, sex and the day (0, 14, 30, 50, 80) were fitted as fixed 
terms and corrected SVL was fitted as covariate. GLMM‟s were conducted using 
“glmmPQL” function of library “MASS” and type II analysis of variances were conducted 
using “Anova” function from library “car” in R statistical package.  
In order to analyse the impact of the infection on newts‟ condition, we measured mass of 
23 newts with naturally acquired infections at days 0 and 40 of the experiment, and then 
compared them with mass of 47 uninfected newts that had been reared under identical 
conditions. Proportion of lost mass (mass day 40-mass day 0)/mass day 0) was fitted as the 
response term to GLM with normal error structure and identity link function. We then fitted 
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whether (1) or not (0) newts were infected, sex and their interactions as the fixed factors of 
interest while corrected SVL was fitted as the covariate.  
Bd transmission- Second sample of newts were sexed and randomly assigned to single-
sexed groups of 5 or 6 individuals. These individuals were marked with subcutaneous 
implants of coloured visible elastomers (VIE) at the basis of their legs (Northwest Marine 
Technology, Washington, Shaw Island; WA, USA). Having all newts individually identified, 
we swabbed and measured their body size (SVL) and mass, then transferred into 12 
experimental tanks (415×265×148 mm) with about 4.5 litre of aged tap water. Further swab 
samples were taken regularly from all newts at days 7, 14 and 30 this point. Experiment 
maintained for 4 weeks in July and August 2010. After analysing swab samples, we found 
that 6 tanks did not contain infected newts. Thus, one tank was maintained as control for the 
experiment and the rest were used to be exposed to infected tadpoles.  
Another group of these newts were exposed to the midwife toad‟s tadpoles, Alytes 
obstetricans, from two infected populations. Upon arrival, tadpoles were swabbed and 
randomly assigned in groups of 4 individuals. We transferred these groups into experimental 
boxes (415×265×148 mm) together with 3 non-infected newts randomly selected from 
uninfected individuals of either first sample or second sample. Prior to experiment, uninfected 
newts have had spent 4 weeks in the lab and had been swabbed 3 times to ensure their 
infection status. Eight of the boxes contained tadpoles from Lac Madamet and 8 contained 
tadpoles of Gourg de Rabat; Weekly swab samples were taken from all individuals from 
beginning to the end of experiment. The experiment was maintained for a period of one 
month.  
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Probability of newts being infected during 30 days course of the experiment was analysed 
by fitting whether (1) or not a newt was infected at a given day as the response of a 
generalized linear mixed-effects model (GLMM) with a binomial error structure and logit link 
function. Corrected SVL was fitted as covariate, Bd source (infected newt/infected tadpole) 
and time (days 7, 14, 21, 30) were fitted as fixed factors of this model. We fitted subject‟s 
ID‟s nested within time and sex as random terms to account for repeated measurements and 
probable impacts of the sex on infection probability or intensity. In addition, we also fitted 
individuals‟ ID‟s nested within tanks to account for account for probable impact experimental 
blocks on the output of the model. Changes in infection loads were conducted in a similar way 
except we fitted ln transformed Bd loads as the response to a GLMM with normal error 
structure. Finally, we compared the time (7, 14, 21, and 30) that infected newts and tadpoles 
could infect uninfected newts by fitting the day of the first positive swab as the response term 
of a GLM with negative binomial error structure and logit link function. We fitted the source 
of the Bd infection (infected newt/infected tadpole) and sex as fixed factors while corrected 
SVL was used as covariate. GLMM‟s were conducted as noted above and the negative 
binomial GLM was directed by “nb.glm” function. 
All statistical analyses were conducted in R statistical package version 3.0.0 (03/04/2013). 
The statistics are provided for all fixed terms included in the models, effect sizes ± standard 
errors are provided for terms of interest. For the reason of clarity and because in all of the 
models with sex and tank fitted as random terms they had negative or zero variance 
component and their impact was not significant, we do not present random effects‟ statistics.   
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5.3 Results 
Infection patterns, condition cost and survival -The prevalence of the infection was 22% 
and 19% in mid-June and mid-July, respectively (Figure 5-1a). The probability of newts being 
infected was not related to corrected body size (GLM, χ2 = 0.69, df = 1, 170, p = 0.407) and 
was not statistically different between samples (χ2 = 0.87, df = 1, p = 0.351). There was an 
impact of sex on the prevalence (χ2 = 3.90, df = 1, p = 0.048) suggesting the overall 
prevalence of Bd infection in males is less than females (14% in males vs. 26% in females; 
GLM; effect size ± S.E.: -2.27 ± 1.15). Besides, males were more likely to be infected at the 
beginning of their aquatic phase at mid-June (22% in June vs. 3% in July; Sample date*sex, 
effect size ± S.E.: 2.48 ± 1.18, χ2 = 2.1, p = 0.036; Figure 5-1a). The intensity of infection in 
the first and the second samples was (mean ± S.E.) 2.57 ± 0.84 and 4.69 ± 2.71 BdGE per 
swab, respectively (Figure 5-1b). There was no impact of corrected body size on Bd loads 
(GLM; F = 2.28, df = 1,168, p = 0.133). Although, the fungal load was not different among 
the two samples (F = 1.07, df = 1, p = 0.302) and the two sexes (F = 1.394, df = 1, p = 0.239), 
a suggestive but not significant interaction between the sex and sample date (F = 2.59, df = 1, 
p = 0.109) showed that males of the second sample were likely to have less Bd load at that 
time. Among the infected newts that have been kept individually until 80 days after 
experimental onset, only one newt (4%) was consistently tested to be negative until the day 80 
of the experiment. By contrast, one other specimen which was tested negative at days 14, 30 
and 50 was finally found to be positive at day 80. Interestingly, 92% of initially infected 
newts were repeatedly tested negative and positive during these days, suggesting they kept a 
very low infection burden only slightly above our detection threshold, nevertheless, they 
remained infected even more than 4 weeks after onset of their terrestrial phase. As a 
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consequent, within initially infected individuals, 49% were tested positive at day 14, and then 
the probability of the infection increased to 65%, 83% and 70% at days 30, 50 and 80 after the 
experimental onset (GLMM; χ2 = 127.50, df = 4, p < 0.001).  Changes in infection burden 
were not affected by body size (χ2 = 0.10, df = 1, 22, p = 0.760) and the sex (χ2 = 0.28, df = 1, 
p = 0.895).  Bd loads were only reduced marginally throughout the 80 days (GLMM; χ2 = 
8.72, df = 4, p = 0.068). However, parameter estimates of the model showed that this impact 
is all driven by day 14 in which the number of individuals with detectable infection was 
minimum (effect size ± S.E.: -0.94 ± 0.37, χ2 = 2.53, p = 0.013).  
Upon arrival, females were on average 7% longer (SVL: 41.5 ± 0.70 mm males vs. 44.64± 
0.34 mm females; t1, 49 = 4.6, p < 0.001) and 29% heavier than males (mass: 1.90 ± 0.08 g 
males vs. 2.67 ± 0.06 g females; t1, 49 = 7.82, p < 0.001). Although by the day 40 after 
experimental onset some individuals had gained up to 4% more mass, the average changes of 
mass was negative in both sexes (-18% in females and -15% in males; GLM: F = 0.01, df = 1, 
69, p = 0.624). Proportional changes in mass were not related to corrected body size (F = 
0.003, df = 1, 69, p = 0.877). Interestingly, changes in mass were also not different between 
initially infected newts and controls (-19% in controls vs. -18% in initially infected newts; F = 
0.007, df = 1, 69, p = 0.656).  
Over the 80 days course of study, 14% of newts died. None of them exhibited fatal 
chytridiomycosis, and analyses of swab samples did not reveal any unusual changes in 
infection status of uninfected newts or the infection burden of formerly infected individuals. 
As the survival of infected newts was 7% more than uninfected controls (92% vs. 85%), we 
did not proceed with further statistical analyses to analyse the impact of Bd on survival.   
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(a) Over all prevalence of the infection did not change during the time but males were less 
likely to be infected at the middle of breading season. Figure shows present of infected 
individuals in each sample and error bars represent mean ± S.E. (b) similarly, average Bd 
infection loads were also differently changed throughout the time and by the middle of 
experiment males could decrease their infection intensity but the infection intensity of females 
did not show any significant change among the two samples. Figure shows infection loads and 
error bars represent mean ± S.E. 
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Figure 5-1- Prevalence and intensity of Bd infection during aquatic phase  
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Bd transmission -All midwife toad tadpoles were positive at experimental onset but, in 
newt-newt experiment, only half of the boxes (6/12) contained infected individuals. The 
infection load of tadpoles was (mean ± S.E.) 402.7 ± 59.5 BdGE/swab that was about 325 
times greater than the average infection load of initially infected newts (1.24 ± 0.23 
BdGE/swab).  Over 30 days course of the experiment, in both newt-newt and tadpole-newt 
systems, infected newts and infected tadpoles could transmit their infection to uninfected 
newts and cause a time-dependent transmission of Bd to over 67% of initially uninfected 
newts (GLMM, χ2 = 24.91, df = 3, p < 0.001). The probability of getting Bd infection was 
independent of individuals condition (corrected SVL; χ2 = 2.05, df = 1, 231, p = 0.152) but, 
newts that had been exposed to infected tadpoles were 31% more likely to be infected by the 
end of the experiment (83% in tadpole-newt vs. 52% in newt-newt transmission; χ2 = 26.05, 
df = 2, p < 0.001; Figure 5-2a). In addition, tadpole-newt transmission of Bd occurred 2 times 
more rapid than newt-newt transmission (mean ± S. E., 11.3 ± 0.9 in tadpole-newt vs. 25.9 ± 
3.0 days in newt-newt system; GLM, χ2 = 25.09, df = 1, p < 0.001). However, time to get the 
infection was independent of body size (χ2 = 1.00, df = 1, p = 0.968) and sex (χ2 = 1.07, df = 
1, p = 0.399). Similarly, changes in fungal loads were not related to corrected SVL (χ2 = 0.88, 
df = 1, p = 0.348). During the course of the experiment, the average Bd load of initially 
infected newts that have been used in this experiment was (mean ± S.E.) 0.617 ± 0.47, 0.21± 
0.14, 0.46 ± 0.32 and 1.18 ± 0.54 BdGE per swab, respectively, at days 7, 14, 21 and 30 after 
experimental onset. Fungal loads of uninfected newts that have been exposed to these infected 
individuals were 0.44 ± 0.43, 15.61 ± 15.23, 0.23 ± 0.14 and 1.82 ± 1.14 BdGE per swab on 
these days. Infection loads were moderately higher in the tadpole-newt system and were 5.87 
± 2.07, 6.16 ± 2.38, 19.70 ± 5.75 and 6.89 ± 2.73 BdGE per swab on days 7, 14, 21 and 30 
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after experimental onset. There was an increase of Bd load throughout the time (χ2 = 11.70, df 
= 3, p = 0.001) and newts that had been exposed to tadpoles had rather intense infections than 
newts that had been exposed to infected newts (χ2 = = 9.37, df = 2, p = 0.010) (Figure 5-2b). 
Nonetheless, when model parameters were considered, the only significant increase in Bd 
load had happened on day 21, among tadpole-exposed newts (time × Bd source, effect size ± 
S.E: 0.85 ± 0.50, t = 1.71, p = 0.089) and the rest of effects were not statistically significant. 
 As noted, only one out of 82 newts died at day 10 of the experiment with no sign of fatal 
chytridiomycosis. However, about 60% of midwife toad tadpoles developed fatal 
chytridiomycosis and died between days 20-30 of the experiment. Of these, 17% were died at 
Gosner stage 43 (Gosner, 1960) and the rest died at stage 44 and all had manifested symptoms 
of fatal chytridiomycosis (Tobler and Schmidt, 2010) 24-36 hours prior to death.  
 
 
 
 
 
 
 
 
 
 
 
 
120 
 
 
(a) Figure shows present of infected individuals that became infected during the course of 
the experiment. Uninfected palmate newts were infected by either exposure to infected 
conspecifics or infected tadpoles. However, the probability of newts being infected was 
higher in tadpole-exposed palmate newts. Error bars represent mean ± S.E per cents of 
infected individuals in each treatment. (b) Despite to differences in probability of newts 
getting Bd infestation from tadpoles and conspecifics, the infection intensity in both groups 
was rather constant and the only marginally significant difference appeared at day 21 in 
tadpole-exposed newts. Figure shows average infection loads during experiment in initially 
infected newts, and initially uninfected newts that have been exposed to infected newts or 
infected tadpoles. Error bars represent mean ± S.E of infection burden (BdGE/swab).  
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Figure 5-2- transmission of Bd infection and infection intensity 
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5.4 Discussion 
Our study revealed that Bd-outbreak in Puits d‟Arious is probably ending as the 
prevalence of the infection (19%-22%) and infection intensity (2.57 ± 0.84 in June and 4.69 ± 
2.71in July) are considerably lower than previous samples (100% infection of palmate newts 
in 2007, (Imperial Clolledge, 2014). At the current stage, the prevalence and intensity of 
infection was higher among females. We found evidence to suggest at least 17% of newts of 
this population were fully resistant against Bd as they remained uninfected even after four 
weeks continuous exposure to infected tadpoles with fatal Bd infection. Similar to Bd-naïve 
counterparts (chapter II, III and IV), individuals of the population with a Bd history did not 
exhibit clinical symptoms of fatal chytridiomycosis. Nonetheless, their resistance to infection 
was not associated with a visible condition loss as occurred in naïve individuals with similar 
infection loads (Cheatsazan et al., 2013), suggesting that individuals of populations with Bd 
exposure history have developed a less costly resistance against Bd. Unlike to unexposed 
populations in which the likelihood of infection was independent of function of exposure rate 
and time of exposure (see chapter II, IV) among individuals with a Bd exposure history, the 
probability that newts would be infected was a function of both time of the exposure and 
exposure rate. In other words, newts with a Bd exposure history have acquired the capability 
of preventing the establishment of Bd in their skin, at least for few weeks more than 
unexposed newts. Despite to considerably higher infection loads of the midwife toad tadpoles 
compared to naturally infected newts, the intensity of the infection following exposure to 
these tadpoles was not substantially higher than infections following exposure to newts with 
naturally acquired infection. Interestingly, the differences in infection intensity of newts that 
have been exposed to infected conspecifics and newts that have been exposed to infected 
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tadpoles was only became marginally significant when tadpoles started to manifest fatal 
symptoms of chytridiomycosis.  
In contrast to other studies, we found no evidence to suggest that host body size 
(Burrowes et al., 2007; Murray et al., 2013) or condition (Richards-Zawacki, 2010; 
Woodhams et al., 2012) was related to the infection load or the probability of newts with a Bd 
exposure history being infected. Nevertheless, while prevalence of the infection was almost 
constant among females, probability of males being infected was substantially decreased 
during the time. Bd loads of females did not show substantial differences with the fungal load 
of males. Several explanations might be exists for such differences in the prevalence of the 
infection between males and females. As such, infected males may suffer from behavioural 
effects of Bd which cause an increased risk of predation (Chatfield et al., 2013; Parris and 
Beaudoin, 2004), Bd caused a more rapid transition into terrestrial phase (Cheatsazan et al., 
2013) and finally, the lower probability of infection in males related to their reproductive 
behaviour. Among these, we favour the latter as in our study site no major predator (fish or 
other potential predators of the palmate newt) exists and the rapid transition into terrestrial 
phase in the infected palmate newts does not follow a sexually dimorphic pattern (Cheatsazan 
et al., 2013). One of the unique features of females‟ reproduction is that they promote their 
reproductive success with a prolonged aquatic phase (Gabor and Halliday, 1997). In this way 
female reproductive success is maximized by a sequential mate choice during a prolonged 
breeding season and exerting a competition among the sperms of several males (Sever et al., 
1999). Males‟ on the other hand, gradually migrate toward their aquatic habitat while they just 
have a finite number of sperms (Verrell et al., 1986) that should be distributed among the 
highest possible number of receptive females to maximize male reproductive success. Males 
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leave water towards their terrestrial habitat even before they have completely resorbed their 
secondary sexual traits (Griffiths and Mylotte, 1988). We showed that even in closed 
experimental conditions, the average time of being infected and infection load was increased 
with exposure rate (see below) and was independent of the sex. Therefore if males‟ stay in the 
breeding site is shorter than females and they expose to lower number of Bd zoospores, then 
the likelihood of males being infected would reduce dramatically.  
By contrast to the naïve newts that cleared the infection during 30 days post-exposure to 
Bd (Cheatsazan et al., 2013), only 4% of individuals could rid the naturally acquired infection. 
However, individuals that remained infected even until 4-5 weeks after they transitioned to 
terrestrial phase, remained infected but could keep the infection intensity as low as our 
detection threshold, suggesting they are preventing Bd from invading the whole skin surface, 
as it occurs in highly susceptible species(Voyles et al., 2011). However, unlike to individuals 
of naïve populations that lost over 30% more mass to clear similar Bd loads (Cheatsazan et 
al., 2013), Bd infection did not impose any condition cost (mass loss) to individuals of this 
population, implying newts performance during breeding season and their survival in 
terrestrial phase is not affected by Bd infection. This much falls well within the standard 
paradigms of disease tolerance. By definition, tolerance is host defence strategy that reduces 
the negative impact of the infection on host‟s fitness (Medzhitov et al., 2012). In contrast to 
resistance mechanisms, tolerance does not directly aim infection load. In fact, tolerance 
offsets the detrimental fitness costs of the infection by reducing host susceptibility to the 
tissue damage or other negative impacts associated with the establishment of the pathogen 
within host‟s tissues (Medzhitov et al., 2012; Råberg et al., 2009).  
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As the infection load of midwife toad tadpoles was few hundred times more than newts, 
we assumed that tadpoles shed more zoospores in water than infected newts, thus, newts that 
had been exposed to infected tadpoles were exposed to higher number of Bd zoospores than 
individuals which were exposed to infected newts. This difference in the exposure dose was 
then the reason of increased probability of more newts being infected in a shorter time when 
they exposed to tadpoles. Nevertheless, despite to faster spread of Bd in tadpole-newt system, 
17% of newts were consistently tested negative for Bd and, importantly, the average of 
infection burdens were just marginally different with new-newt system. In a previous study 
with Bd-naïve palmate newts (Cheatsazan et al., 2013), we showed that all newts became 
infected after exposure to a very low dose (1000 Bd zoospores). As opposed to naïve newts, 
newts with Bd exposure history, even after 30 days exposure to fatal amounts of Bd zoospores 
(i.e. heavily infected tadpoles), the likelihood of newts being infected and their infection 
intensities were 17% and 24% less than those of naïve conspecifics which were exposed to a 
single dose of 1000 Bd zoospores (Cheatsazan et al., 2013). It is established that host 
resistance to Bd is costly (Sheldon and Verhulst, 1996) and resistance response would only be 
adopted when the fitness advantages outweigh its costs (Roy and Kirchner, 2000). In previous 
parts of this thesis we showed that almost all Bd-naïve newts are able to resist Bd infection 
and clear their infection shortly after being infected. Nonetheless, newts‟ resistance against Bd 
was costly and had a negative impact on host survival (condition) or current reproduction. As 
it was proposed in chapter III, newts‟ investment in their first response to Bd should be 
beneficial to increase their survival for future breeding season and newt‟s must, expectedly, 
find a less costly way to cope with their future exposure to Bd in their breeding habitat. 
Results of the current study contribute to this field by showing that newts with a Bd exposure 
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history have acquired the ability to minimize the costs of Bd exposure and infection by 
adopting three main strategies. First, the establishment of Bd in newts‟ skin was occurred only 
after continuous exposure to Bd for a more prolonged period of time in comparison to nearly 
instant infection in unexposed counterparts. Second, at least 17% of newts were found to be 
highly resistant against a fatal dose of Bd in their environment. Third, the rest of newts (83%) 
were able to tolerate low infection burdens without being incurred by condition costs of the 
infection. As a consequent, it seems that Bd-naïve individuals‟ investment in clearing the 
infection and losing the current reproduction (chapter II and III) was advantageous as it 
increased host ability to cope with the presence of Bd in the environment during its future 
breeding season without being incurred by the considerable costs of clearing Bd infection. 
 It should be noted that resistance and tolerance are predicted to have very different 
evolutionary outcomes (Roy and Kirchner, 2000). For example, if the fitness advantages of 
the resistance trait outweigh its costs, the frequency of individuals with resistant trait 
increases in the population which would eventually reduce the occurrence of the pathogen 
(disease) to a point that the costs of the resistant trait will outweigh its fitness advantage. At 
this point, the spread of trait in the population would be terminated, thus, the complete 
resistance cannot become fixed by selection in a host population (Ayres and Schneider, 2008) 
and the disease cannot be eliminated solely by natural selection for host resistance (Roy and 
Kirchner, 2000). By contrast, disease tolerance follows a different evolutionary trajectory. As 
the tolerance trait spreads among the population the occurrence of pathogen also rises because 
more tolerant hosts are available to invade. Therefore, fitness advantage of being tolerant will 
always outweigh the costs of having it, so the tolerance trait is predicted to become fixed in a 
population by selection (Roy and Kirchner, 2000). In addition to the evolutionary implications 
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of these findings, the results reported here have implications about the ecology and risk 
mitigation of an emerging pathogen with devastating impacts on biodiversity. For example, 
distinguishing the host defensive strategy against a novel multi-host pathogen can be used 
modelling future disease dynamics and understanding the drivers of future outbreaks in the 
host population. In addition, tolerance to a multi-host pathogen might impose a huge infection 
load to other, more susceptible species and drives them to extinction (McCallum, 2012). In 
our study site and many other areas of Pyrenees and Europe, the palmate newt is sympatheric 
with several other species such as the midwife toad (A. obstetricans), the common toad (Bufo 
bufo) and the common salamander (Salamandra salamandra). Bd is reported to cause mass 
die-offs in all of these species (Bosch et al., 2007; Bosch and Martínez-Solano, 2006; Bosch 
et al., 2001). Given the tolerance of the palmate newt to the infection and the ability of this 
species to carry Bd even during the newts‟ terrestrial phase, coincidence of the palmate newt 
and each of the above mentioned species can potentially result in their extinction due to the 
impact of the palmate newt on the dynamics of Bd (Mitchell et al., 2008). Therefore, we 
suggest that co-occurrence of this newt with other species be considered as a priority index for 
the conservation and/or disease mitigation plans in areas of Bd outbreak. Finally, we stress on 
inaccuracy of diagnostic PCR to detect Bd DNA for monitoring low infection burdens, as it 
often fails to detect low infection burdens (Woodhams et al., 2012) and consequently, 
detection of the incidence and prevalence of Bd might be highly inaccurate.  
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6. Chapter VI         
 Conclusions and future directions 
6.1 Conclusions 
The devastating impacts of fatal chytridiomycosis on several amphibian species are well 
documented (review in Fisher et al. 2009b). Bd is able to infect virtually all amphibian species 
tested (Fisher et al., 2009b) but only a restricted number of them exhibit symptoms of fatal 
chytridiomycosis while others usually remain asymptomatic. A wide array of empirical and 
theoretical evidence indicates that surviving an infectious disease requires energy that the host 
might have otherwise invested in other component of fitness (Sheldon and Verhulst, 1996). 
Current evidence suggests that asymptomatic Bd infection can also sub-lethally impair 
development, growth, behaviour and survival of the host (Garner et al., 2009; Han et al., 
2008; Venesky et al., 2009; Woodhams et al., 2012; Woodhams et al., 2008) but, these costs 
have found to be highly context-dependent. As a consequent, despite to the seriousness of the 
impact of Bd on some the asymptomatic hosts, the risks associated with asymptomatic Bd 
infection on apparently resistant hosts are not fully understood. Obviously, understanding the 
underlying mechanism(s) of decline of asymptomatic hosts and the role of environmental 
drivers in the outcome of Bd infection are not only the major obstacles for promoting 
amphibians‟ conservation against Bd but, are also the key questions in the ecology and 
evolutionary biology of host-Bd interactions.    
Given the importance of the questions above, the objective of this thesis was to conduct 
research that increase our understanding of the costs, environmental drivers, the outcomes, 
and the risks associate with the emergence of chytridiomycosis for an endemic amphibian of 
western Europe, the European palmate newt. This was done by addressing six primary aims: 
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(1) identifying the sub-lethal costs of Bd infection in the model amphibian; (2) understanding 
and quantifying the impact of these sub-lethal costs on fitness-related traits (i.e., survival and 
reproduction); (3)  identifying the direct and indirect contribution of environment in shaping 
infection; (5) determining how individuals from populations that are exposed to Bd respond to 
the infection; an (6) identifying the costs of the infection in resistant versus tolerant 
individuals. This thesis also followed two additional secondary aims: determine probable sex-
dependent differences in the impact of Bd, and evaluate the effectiveness of the current 
methodologies to investigate asymptomatic Bd infection.  
 
6.1.1 Costs of asymptomatic Bd infection in resistant species 
In chapter II of this thesis we aimed to shed light on the costs of subclinical Bd infection 
and determine whether or not these costs are associated with host resistance to the infection. 
In the first part of our study, we experimentally inoculated naïve (unexposed) palmate newts 
with a single low dose of Bd zoospores (~2000 zoospores per litre) and monitored the 
development of the Bd infection in terms of pathogen load, clinical symptoms and host 
survival, as well as changes in morphological and behavioural traits known to be associated 
with reproductive success in this species. Almost all newts became infected after a single 
inoculation but, they had cleared the infection by day 30 post-infection. Nonetheless, infected 
individuals suffered from several sub-lethal costs. As such, a significant mass loss (on average 
30% more than controls), having a more expansive rear foot webbing (26% more expansive at 
controls) and they were 50% more likely to initiate their non-reproductive terrestrial phase 
when compared to unexposed controls.  
Given the correlation between the amount of Bd cleared from the skin and sub-lethal costs 
of the infection, we concluded that the effects reported are most likely to be mediated through 
130 
 
the initiation of costly immune responses and/or tissue repair mechanisms. The costs of 
subclinical infection are common in a variety of systems and include a range of sub-lethal 
symptoms such as reduced growth, increased mass loss, increased metabolic rate and/or a 
readjustment of life history strategies (Bonneaud et al., 2012; Bosch et al., 2007; Eraud et al., 
2005). Indeed, Bd-infected palmate newts suffered decreased body condition relative to 
controls and had delayed absorption of one temporary adaptation to aquatic life; both of 
which might impede the success of terrestrial migration and survival during winter 
hibernation. In addition, they showed earlier initiation of t-phase, which might reduce the 
duration of the breeding season, and hence potentially the number of offspring produced. 
Furthermore, in addition to the general inhibitory effects of stress on amphibian reproduction, 
chronic exposure to Bd zoospores in the aquatic habitat may trigger a chronic activation of the 
stress axis (HPA, see chapter II for more details) which may inhibit reproduction and increase 
susceptibility to other pathogens, as well as other environmental stressors.  
 
6.1.2 Fitness-consequences of Bd-infection 
Current evidence suggest that asymptomatic Bd infection might indirectly impact host 
fitness, for example by impairing host locomotory ability (Chatfield et al., 2013), but 
experimental evidence linking sub-lethal infection and reproductive output are lacking. In 
chapter III of this thesis we aimed at understanding and quantifying the impact of sub-lethal 
costs on host reproduction. We captured individuals from a Bd-naïve (unexposed) site and 
experimentally exposed them with low and high doses of Bd zoospores. We measured 
changes in pathogen load, body mass, timing and number of spawns, time interval between 
spawns, clutch size, number of eggs and hatchlings. In addition, after controlling for the 
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possibility that Bd may have been vertically transmitted from parents to larvae, we tested for 
an effect of parental infection on larvae development and survival. 
Asymptomatically infected newts initiated reproduction before controls. Given that Bd 
was shown to trigger the premature termination of breeding in infected newts (see chapter II), 
our results suggest, for the first time, that Bd can alter the phenology of the breeding season in 
its host. Although we were not able to measure neuroendocrine changes associated with this, 
we suggest that  hormonal changes associated with immune response to Bd are triggering the 
change in the timing order of reproduction (Gabor et al., 2013; Rollins-Smith, 2001; Rollins-
Smith et al., 2011; Rosenblum et al., 2009). If we assume that reproduction occurs during 
periods which will maximize offspring survival and given the importance of environmental 
conditions for ectoderms (Stevenson and Bryant, 2000), such a change in life history 
phenology may have devastating impacts on populations in the long term, with potential 
ecosystemic consequences (Stevenson and Bryant, 2000; Winder and Schindler, 2004).  
Although the overall clutch size was similar in Bd-exposed and control parents, the 
probability of producing multiple spawns was twice as high for infected newts suggesting that 
infected females had to increase their reproductive effort to obtain the same end clutch as 
controls. However, the inter-spawn interval was greater and the total hatching rate was lower 
in infected females relative to uninfected controls. In other words, the costs of infection 
prevent this investment in increased reproductive effort from giving rise to increase 
reproductive output. Therefore, we proposed that Bd infection had reduced parental 
investment. We were not able to detect whether decreased hatching rate of infected newts was 
because infected males failed to produce and transfer enough sperms or infected females were 
not able to collect enough spermatophores or provide physiological requirements of sperms in 
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their spermathecae. Nonetheless, we found two lines of evidence suggesting that reduced 
parental investment in both sexes might be the cause of reduced hatching success. First, 
infected males that did not invest in reducing their infection load had a hatching rate 
advantage compared to infected males who cleared their infection. Palmate newts have a post-
nuptial gametogenesis which means that the gametes of the current year have been produced 
after the previous breeding season. Therefore, if the infection has not affected gametogenesis, 
the differences in reproductive success of infected males that decreased their infection and 
those who made a terminal investment in their current reproduction might be because of the 
differences in their ability to deliver sperms to females (i.e. number of successful courtship 
displays and couplings). On the other hand, females store sperms before spawning their eggs. 
Another possibility of lower hatching rate of infected parents might stem in decreased ability 
of infected females to preserve (feed sperms) in their spermathecae. Importantly, both 
mechanisms agree with reduced parental investment hypotheses. In addition, we also showed 
that the offspring of infected parents experienced developmental instability and had lower 
survival, even in the absence of vertical transmission of the infection. Indeed, they had longer 
and wider heads and forelimbs, their body was less symmetric than larvae of unexposed 
parents, and survival of larvae was reduced by 28% and 50%, in low dose and high dose 
exposed groups respectively. Total fitness is most clearly defined as the number of offspring 
produced by an individual relative to the average produced by other individuals in a 
population (Hunt et al., 2004; Kruuk et al., 2000), and is affected by overall selection summed 
over several selective contexts (Hunt et al., 2009; Lailvaux and Kasumovic, 2011). Showing 
the effects of a selective factor (e.g. Bd as a novel pathogen) on reproductive success and/or 
host survival should therefore reliably indicate the impact of the selective factor on total 
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fitness. Results of the chapter III of this thesis suggest that Bd had effectively reduced 
reproductive success of newts and the survival of their offspring. In addition, given the 
considerable Bd induced condition loss of the infected newts (over 30% more mass loss than 
controls, chapter II) that might reduce newts‟ survival during winter hibernation, we argue 
that Bd incurs a fitness cost to unexposed populations of the palmate newt.  
Another important outcome of this research was experimental evidence for an intra-
population variation in the response to Bd infection: while 89% of newts cleared or effectively 
reduced their infection burden, the infection load of others (youngest females and oldest 
males) increased (by up to ~ 290 fold). Interestingly, the latter group promoted their hatching 
success (> 35%) compared to those that had reduced their infection loads. Individuals are 
predicted to maximize their total fitness through maximizing the number of offspring 
produced relative to the average produced by other individuals of the population (Hunt et al., 
2004; Pianka, 1976). In many iterparous species, a trade-off does exists between the current 
reproduction and subsequent reproduction / survival (Fontaine and Martin, 2006; Ghalambor 
and Martin, 2001). As such, when residual reproductive value decreases due to reduced 
likelihood of survival, reproduction would be maximized by a terminal investment of all 
available resources for the current, and reasonably, final reproduction (Clutton-Brock, 1984; 
Pärt et al., 1992). On the contrary, when future reproduction is more probable, trading the 
current reproduction with survival, and subsequently, future reproductive might offset the 
impact of the infection on the lifetime reproductive success (Gustafsson et al., 1994; Sheldon 
and Verhulst, 1996). We argue that these individuals that invested in the current reproduction 
instead of their immunity to Bd had lower probabilities of surviving until the next breading 
season, so, they increased their reproductive values through terminal investment in 
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reproduction. To our knowledge, this is the first experimental evidence of the incidence of 
both Bd-induced terminal investment and a trade-off between the current and subsequent 
reproduction / survival in single population of an asymptomatic amphibian. Although with the 
current experimental setup we were not able to investigate the underlying physiological 
drivers of the trade-offs between newt‟s reproductive success and resistance to Bd, we argue 
that trading the current reproduction with Bd-resistance and survival is likely to be adaptive 
and should minimize the impact of Bd on newts‟ lifetime reproduction (Forbes, 1993).  
Altogether, results of this chapter suggest that even in the absence of morbidity and 
mortality, Bd infection incurs a reproductive cost to asymptomatic host leading to the 
possibility that host‟s fitness impaired. From the amphibian conservation perspective these 
results imply that extreme cautious should be experienced in the risk assessment of Bd 
infection before assigning amphibians that are known to resist Bd infection to a low risk 
category.   
 
6.1.3 Environmental influence on infection’s outcome 
Understanding the role of the environment in shaping the costs of Bd infection is crucial 
for predicting its population- and species-level impact. In chapter IV we investigated the 
direct and indirect role of environment in determining the final outcome of the infection for 
the host. One of the puzzling features of host-Bd relationship is that some populations of 
particular species appear able to persist with the disease, whereas other populations of the 
same species decline to extinction (McCallum, 2012). As a parasite of an ectothermic host, it 
is not unexpected that the growth rate of Bd is strongly influenced by environmental 
conditions, such as altitudinal variations in temperature (Fisher, 2007). However, it is unclear 
whether altitude (via temperature or other environmental factors) influences the pathogen 
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directly (Pounds et al., 2006), or whether host populations found at high altitudes are simply 
more susceptible to Bd infection due to detrimental impact of high altitude environment on 
their immunity (Lam et al., 2010). To investigate the direct/indirect impact of environment on 
the response of the host to Bd infection in palmate newts, we experimentally infected 
individuals from one low altitude and one high altitude Bd-free site in the Pyrenees (190m and 
1710m above sea level, respectively) during their breeding aquatic phase. We recorded 
changes in pathogen load and body mass over time in controls, low dose and high dose Bd-
exposed groups. We then measured infection patterns and changes in mass to test whether or 
not exposure to the same Bd-strain under controlled environmental conditions differs as a 
function of the population of origin. Our results show that the probability of contracting Bd 
and Bd loads after experimental infection did not significantly differ between palmate newts 
from naïve populations of high and low altitudes and was only affected by exposure dose. 
Mountain individuals, howevermore likely to display a reduction of their Bd load over the 
course of the experiment than newts from the lowland population 
One important implication of these results is the dependence the prevalence on the 
exposure dose (rate). This finding is in agreement with studies that propose the higher number 
of zoospores in the environment as the main driver of Bd prevalence among amphibian 
populations (Rödder et al., 2008). The importance of this finding is that we provided 
experimental evidence to suggest that latitudinal, seasonal and or environmental variations in 
the prevalence of Bd (Kriger and Hero, 2007; Murray et al., 2013; Walker et al., 2010) are 
most likely to be due to the impact of these factors on the number of Bd zoospores present in 
the environment rather than to be because of the changes in host resistance against Bd.  
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Newts of the mountain site were 20% more likely to decrease or clear their infection 
burden over the course of the experiment and their resistance to Bd infection was found to be 
less costly than their lowland counterparts. These findings are in contrast to former studies in 
anuran larvae (Garner et al., 2009) and our prediction that costs of Bd infection would 
increase with exposure dose, as these costs were considerably higher in lowland population. 
Even though investigating only one population from each altitude may limit the generality of 
our findings, our results are at least consistent with the idea that environment has an indirect 
impact on Bd infections. Furthermore, these findings (condition- and population-dependent 
resistance to Bd) have two important implications for the ecology of chytridiomycosis and 
conservation of amphibians. First, our study provides the first experimental evidence showing 
the interaction between host-specific factors and the environment determines the ability of a 
host to respond and resist Bd (Farrer et al., 2011; Fisher et al., 2009a; Murray et al., 2011; 
Terrell et al., 2013; Walker et al., 2010). The importance of this finding is to shed light on the 
longstanding debate about the divergent population responses to Bd (McCallum, 2012). 
Second, we provided experimental evidence showing that the final outcome of Bd infection 
for the host is dissociated from its prevalence. In other words, while all individuals of both 
mountain and lowland populations became infected after two weekly exposures to Bd, the 
outcome of the infection (here, mass loss and decrease or increase of the infection load) were 
dependent of host population or individual-specific factors such as condition. The importance 
of this finding is because it can give an explanation for how environmental drivers may 
impact the interannual variability in the occurrence of mortality at some of Bd outbreak sites, 
at which the prevalence of infection remains consistently high (Walker et al., 2010). 
Furthermore, we know where the outcome of infection is dependent more on the host‟s ability 
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to tolerate an infection, pathogen‟s fitness is promoted by increasing pathogenicity rather than 
pathogen dispersal (prevalence) (Walker et al., 2010). In this way, our findings suggest that in 
an evolutionary time scale, more resistant populations of the palmate newt might exert a 
selective pressure on Bd to increase its pathogenicity, leading to the rapid increase in the 
virulence of Bd that might threaten the existence of more susceptible species of the habitat.  
 
6.1.4 Impact of Batrachochytrium dendrobatidis on hosts with an exposure history 
The costs and consequences of the infection may differ among unexposed (pathogen-
naïve) and exposed populations, for example, due to increase in resistance of individuals with 
previous exposure to the pathogen (Anderson et al., 1986; Bryan-Walker et al., 2007; Kalbe 
and Kurtz, 2006). In order to investigate susceptibility, costs of Bd infection and the response 
of newts with a Bd invasion history to Bd we captured newts from a population that was 
experiencing a recent introduction and outbreak of Bd few years prior to our study and tested 
for their ability to be rid of naturally acquired or experimental infections as well as measuring 
the mass costs of the infection among individuals of this population. We found out that newts 
of this population are able to tolerate low intensities of Bd infection without being incurred by 
a condition cost. They were also remained resistant to Bd even when more susceptible 
amphibian species suffered a 70% Bd induced mortality.   
Although up to 22% of newts were found to be infected at time of capture (naturally 
acquired infection), we found four lines of evidence to suggest that individuals of the 
population with Bd invasion history had developed an effective defensive strategy against Bd 
infection. First, at least 17% of newts of this population were fully resistant to Bd and they 
consistently remained uninfected even four weeks after continuous exposure to high doses of 
Bd zoospores. Second, the infection loads of newts with either naturally acquired infection or 
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individuals that were exposed to high and low doses of Bd zoospores were almost identical 
and rarely exceeded 100 BdGE per swab. Third, in contrast to Bd-naïve populations which 
lost a considerable portion of their mass for reducing their infection load (chapter II, III, IV), 
newts with naturally acquired Bd infection did not experience any infection induced mass 
loss. Finally, unlike to newts from unexposed populations that all became infected in less than 
two weeks after a single exposure to Bd (chapter IV), the likelihood of newts with Bd 
exposure history being infected was dependent to exposure rate and exposure period, 
suggesting these individuals have acquired the ability to prevent or postpone the 
establishment of Bd on their epithelium.  
These results indicate in a population with a recent Bd invasion history, newts are 
gradually acquiring the ability to develop effective defence to prevent Bd being established in 
their skin. Nonetheless, as the exposure rate increases more newts become infected but, they 
are able to minimize the costs associated with infection which more or less is compatible with 
tolerance definition. From disease ecology perspective, our results suggest that in case of 
future outbreaks of Bd, palmate newts with a Bd exposure history are able to tolerate the 
infection and will not be detrimentally affected by increased Bd exposure rate. In addition, 
these results suggest that the adult palmate newts can also serve as Bd reservoir and maintain 
Bd infection, even after leaving their aquatic habitat. As we already discussed in chapter V, 
the fitness advantage of tolerance always outweighs costs of having it, so the tolerance trait is 
predicted to become fixed in a population by selection (Roy and Kirchner, 2000). Therefore, 
we predict that in a proper time scale, the tolerance would spread among the palmate newt 
population and promotes newts‟ survival after establishment of Bd in their habitat. On the 
other hand, as tolerance trait spreads, the occurrence of the pathogen also increases due to 
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occurrence of more tolerant individuals. Consequently, it would also be expected that other 
amphibian species that occupy the same habitat with palmate newts and are not able to 
develop immunity against Bd would gradually be removed from the habitat.   
Another interesting outcome of this study was a marginal sex dependent difference in the 
prevalence and fungal loads with females were more likely to be infected in both samples 
(June and July) and their average fungal load was also lightly higher than males. Despite to 
this difference in prevalence and intensity of naturally acquired infection, we found no 
evidence to suggest Bd-resistance was different among males and females and these 
differences in infection prevalence and intensity are most likely stem in different reproductive 
behaviour of the two sexes. This finding may be helpful in order to obtain a better 
understanding of the life-history mediated inter-species variations in the prevalence and 
intensity of Bd infection in endemic Bd sites (Kriger and Hero, 2007; Woodhams and Alford, 
2005).  
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6.2 Implication of results  
In 2005, global leader of research, conservation and policy agreed on an Amphibian 
Conservation Action Plan (ACAP) to create an international body to coordinate and facilitate 
amphibians‟ conservation programs. The ACAP, identifies important areas of research 
necessary to minimize the effect of Batrachochytrium dendrobatidis on amphibian 
populations(Mendelson et al., 2006). Notwithstanding the considerable amount of research on 
areas highlighted by ACAP, several of the key questions of the action plan are still 
unanswered. Here we summarize the major findings of this thesis in the context of these areas 
of ACAP. 
ACAP emphasize on “Research should focus on understanding why some species of 
amphibians become extinct in some regions and at certain times, while others do not” 
(Mendelson et al., 2006). Up until now, this issue is the main unsolved mystery of Bd research 
(McCallum, 2012). ACAP also suggests that the answer to this question “will require 
studying the … reservoir hosts … how amphibians respond [to Bd] by developing immunity or 
changing behaviour… and comparing disease dynamics between sites of declines and control 
sites where amphibians survive” (Mendelson et al., 2006).  
We first quantified the sub-lethal impact of Bd on subclinically infected individuals, and 
the costs are likely to be the costs of newts‟ resistance against Bd (Chapter II). Second, we 
investigated the consequences of sub-lethal costs of Bd on host reproductive success (chapter 
III). We then sought to understand whether or not these costs differ as a function of the 
environment by experimentally infecting newts from high and low altitude populations in a 
common garden (Chapter IV). Having demonstrated population differences consistent with 
the hypothesis of that populations at high altitude are less immunocompetence than those at 
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low altitude, we then investigated “how amphibians respond [to Bd] by developing immunity 
or changing behaviour… and comparing disease dynamics between sites of declines and 
control sites where amphibians survive” (Mendelson et al., 2006) (Chapter V). Taken 
together, our results provide a clearer understanding of the sub-lethal costs of Bd in 
asymptomatic host, the cost of Bd infection on reproductive output; the role of the 
environmental in shaping disease prevalence and severity, and changes in host resistance 
following secondary exposure. These results are likely to be used in risk assessment of 
chytridiomycosis for the palmate newt; epidemiology of Bd; ecology of Bd in multi-host 
systems; and evolutionary biology of emerging pathogens.  
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6.3 Perspective and future direction 
The research outcomes presented in this thesis have contributed to the current 
understanding of some of the least known areas of amphibian-Bd system and some the 
underlying drivers of amphibians‟ response to Bd. Some of our work was limited due to 
availability of aquatic newts at the onset of breeding season and the interannual differences in 
the onset of newts‟ aquatic phase and obviously, bioethics issues preventing us from 
conducting experiments in more realistic conditions (e.g. under natural conditions). In 
addition, our research brought about some questions for the future research and Bd monitoring 
approaches.  
First, we would like to repeat the experiment of Chapter IV, with more than one 
population from each altitude. This will considerably extend our ability to understand the role 
of environmental drivers in forcing Bd infection and divergent response of the host. Second, 
we would like to follow experimentally infected newts for longer time periods (for e.g., from 
one breeding season to the next)to investigate whether investment in resistance against Bd had 
reduced their survival during migration and winter hibernation. We also would like to 
continue monitoring of naturally acquired Bd infection until their future breeding season to 
obtain experimental confirmation/rejection of identical survival of infected individuals with 
resistant counterparts.  
From the technical perspective, we emphasize on inaccuracy of diagnostic PCR to detect 
Bd DNA for monitoring Bd infections during enzootic dynamics of the pathogen, as it often 
fails to detect low infection burdens (Woodhams et al., 2012) and consequently, might cause 
an underestimation of the number of infected individuals. We suggest that future research 
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utilize a complementary approach such as histology, to prevent underestimation of infection 
or misclassification of infected sites.  
In addition, it is also worthy of consideration that our results provide consistent evidence 
showing the prevalence of Bd infection in both previously exposed and naïve populations of 
the palmate newt is not a real indicator of disease risk for the population. Rather, the risk of 
the infection could be evaluated by combination of prevalence and its population-dependent 
sub-lethal costs for the host. Therefore, we suggest that future research should combine 
several disease monitoring approaches for more realistic evaluation of the risk of Bd for the 
host population.  
Our results revealed that the palmate newt is a potential Bd reservoir that maintains a low 
infection burden for prolonged periods of time. We also showed that despite the very low 
infection burdens newts can infect other newts and individuals from other species. Although 
we only tested the transmission of Bd from infected newts to uninfected conspecifics, we 
argue given the high level of susceptibility of most of sympatric species to Bd infection (e.g. 
(Bosch and Martínez-Solano, 2006; Bosch et al., 2001)) it is likely that newts are able to 
infect other species as well. It is well established that reservoir species incur a huge infection 
force to more susceptible species (Dobson, 2004) which may drive the population of the more 
susceptible host towards extinction. Given the complexity of host and pathogen dynamics in 
such systems, we propose future research should be conducted on the impact of Bd on multi-
host systems, preferably, under field conditions, for example at areas with recent or current Bd 
invasion. Considering to the current spatio-temporal spread of Bd in Pyrenees, we suggest that 
Pyrenees are one of the most proper places for conducting such studies. In addition, this 
finding might have important implications for disease management and conservation. For 
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instance is could be suggested that co-occurrence with the palmate newt should be considered 
as a risk factor for more susceptible amphibians, therefore, conservation priority should be 
given to those sites in which the palmate newts sympatrically occurs with midwife toad or the 
common toad tadpoles (Bosch and Martínez-Solano, 2006; Bosch et al., 2001; Garner et al., 
2009). Even though, complementary field assessments are necessary for further confirmation 
of the palmate newt as a potential risk factor for other, more susceptible, species.  
Another important result of this study was the impact of Bd on the timing order of 
reproduction. Unfortunately, we were not able to test for the impact of Bd on the timing of 
reproduction in populations with Bd exposure history. Investigation of the impact of Bd 
infection on phenology of the host life history is therefore of great importance and might open 
new horizon in understanding host Bd interactions, especially if the impact is long lasting. 
Therefore, we suggest that studying of the impact of Bd on phenology of reproduction or 
other traits of amphibians is highly informative and its outcome may significantly improve 
current conservation approaches of amphibians.  
Finally, we recommend that the impact of environmental factors such as, temperature, 
temperature variability, and UVB radiation as well as anthropological activities on the 
immunity of amphibians against Bd would be investigated in model amphibians. In our point 
of view understanding factors mitigating amphibian‟s immunity to Bd, would be the most 
important contribution to the successful management of Bd infection and preventing future 
Bd-driven population declines and extinctions.   
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8. Appendix 
 
Figure 8-1- Histological section of severely infected digital skin of a wild Australian frog, 
Litoria caerulea (from Berger et al. 1998). 
The stratum corneum is markedly thickened because of a massive infection by a chytrid 
parasite. Thickness of normal stratum corneum is 2–5 μm, but here it is about 60 μm. This 
Intracellular sporangia among highly thickened stratum corneum (S) and discharged 
sporangia with discharge tubes (D). (Bar = 10 μm) 
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Figure 8-2- Life cycle of Batrachochytrium dendrobatidis (from Rosenblum et al. 2008) 
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Figure 8-3- Schematic life cycle of the palmate newt 
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Figure 8-4- Aquatic male palmate newt 
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Figure 8-5- Male secondary sexual traits 
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Figure 8-6- Female palmate newt in aquatic phase 
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Figure 8-7- Palmate newts from Puits d'Arius (chapter V) in Terrestrial phase 
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Figure 8-8- Experimental tanks were randomly distrusted in the housing facsility 
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Figure 8-9- Close contacts between uninfected newts and infected 
tadpoles (chapter V) 
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Figure 8-10- Low altitude study site, the forest of Bouconne (chapter II and IV) 
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Figure 8-11- High altitude sites: above Puits d'Arius (chapter V); below Etang de Bouvet (chapter III and 
IV) 
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